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Abstract
Noise in the vicinity of airports constrains air traffic and contributes to environmental pollution.
This thesis focuses on the opportunities of quiet technologies that can potentially enable a step-
change in aircraft noise reduction of 20 to 30 dB. This thesis assesses on a preliminary basis the
maximum potential noise reductions that can be achieved using quiet lift and silent thrust concepts.
Quiet lift, silent thrust and a "hidden trailing edge" are concepts studied in this research. Quiet
lift is rendered using a blended-wing body type aircraft with a seamless trailing edge. Silent thrust
is enabled by an embedded propulsion system with high aspect ratio nozzles and low jet velocities.
The embodiment of a distributed propulsion system allows to ingest the boundary layers on the
lifting surfaces. This concept not only promises a reduction in airframe drag (essentially eliminating
profile drag) but also a reduction in airframe noise by avoiding the scattering of turbulent flow
structures across the wing trailing edge - thus, acoustically "hiding" the trailing edge. Existing noise
prediction methods and first principles models are used to predict the noise of an unconventional
aircraft configuration on approach and at take-off, assuming that trailing edge noise and jet noise
are the dominant noise sources.
The quiet lift concepts suggest a potential noise reduction of 27 dB in approach EPNL using
a standard approach profile. This noise reduction can be increased by an additional 8 dB using a
steeper glide slope angle of 10 degrees and a reduced approach velocity of 75 m/s. A "hidden trailing
edge" suggests an additional trailing edge noise reduction benefit of 3 EPNLdB in addition to the
reduction achieved using quiet lift concepts. The boundary layer ingestion yields an improvement
in flight range of 5.4 %.
Mitigating noise emissions using quiet lift concepts invariably leads to a reduction in drag. This
suggests that one of the most critical tasks in noise reduction is to develop technologies to increase
airframe drag in quiet ways. Thus the first step towards developing silent drag concepts is to
determine how much drag needs to be generated silently. An assessment of the trade off between
noise reduction and silent drag requirements shows that a half-scale blended-wing body type aircraft
yields a reduction in trailing edge noise of only 2 dB in EPNL compared to its full-scale counterpart
but reduces the silent drag requirements by more than 50 %.
The silent thrust concepts suggest a noise reduction of 22.5 dB in take-off EPNL if multiple high
aspect ratio jets are exhausted through the trailing edge.
A first sketch of a silent aircraft concept is delineated on a preliminary basis using the results of
this analysis. The concept vehicle suggests noise reductions in approach EPNL and take-off EPNL
of 30 dB and 22.5 dB respectively.
Thesis Supervisor: Professor Zoltin Spakovszky
Title: C.R. Soderberg Assistant Professor of Aeronautics and Astronautics
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Chapter 1
Introduction
1.1 Motivation for a Silent Aircraft
Despite all efforts to reduce aircraft noise during the last 40 years, airport community noise continues
to be a critical environmental issue. Growth in air traffic has resulted in stricter noise regulations at
most airports and penalties for airlines which do not meet local noise requirements. The enforcement
of the regulations will further constrain the air transportation system.
Modifications implemented on existing aircraft to lower their noise emissions allow to meet the
current noise restrictions. However, a step-change in noise reduction is needed to further reduce the
noise pollution in the vicinity of airports. Current modifications use a component based approach to
reduce noise of existing conventional aircraft and allow 3-5 dB incremental steps in noise reduction.
The Silent Aircraft Initiative intends to achieve a step-change in noise reduction. The goal is to
reduce noise in the vicinity of airports to levels lower than that of a noisy household such that noise is
no more perceived as intrusive by the community. A noise reduction of 20 to 30 dB is then necessary.
Reducing the noise by 20 to 30 dB during approach, take-off and flyover would dramatically reduce
the environmental noise pollution and allow traffic growth without increasing the community noise
exposure.
Noise used to be a product of aircraft and engine design and current noise reduction techniques
are limited to reductions of order 3-5 dB. To achieve significant noise reductions by as much as 20
to 30 dB, noise must be incorporated in the design process. Using noise as a prime design variable
inherently leads to unconventional aircraft and propulsion system designs and requires innovative
ideas and concepts. This thesis attempts to answer the heretofore unasked question: how would an
aircraft and its propulsion system look like that had noise as a prime design variable?
In summary, a functionally-silent aircraft is targeted to:
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* Improve quality of life around airports,
" Reduce costs associated with noise regulations,
" Allow night arrivals and departures,
* Open up the opportunity for new airports, closer to towns,
" Spur the sales of new aircraft.
The above attributes constitute competitive advantages over conventional aircraft and operations
and lead to the motivation for a functionally-silent aircraft.
1.2 The Silent Aircraft Initiative
There are three aspects to the Silent Aircraft Initiative, namely: (1) enabling quiet technologies,
(2) the economic value of silence and (3) aircraft operations. This thesis focuses on the first aspect
that is on enabling technologies for a functionally-silent aircraft. Silent in this context means suf-
ficiently quiet that aircraft noise is less than that of a well-populated environment. This requires
a revolutionary step-change in noise reduction and the goal is to achieve a noise reduction of more
than 20 dB to reduce the noise level in airport communities to the level of a conventional household
as shown in Table 1.1.
Quiet household 60 dBA
Noisy household 75 dBA
Residence near an airport 90 dBA
Industrial plant 100 dBA
Table 1.1: Examples of environmental noise levels.
1.2.1 The Challenge
In current aircraft configurations, propulsive jet noise is dominant at take-off whereas fan noise
of turbofan engines and airframe noise are dominant on approach. Significant progress has been
made to reduce propulsive noise, where technical means to further reduce fan and jet noise are the
redesign of fans and the reduction of jet velocities of high by-pass ratio engines. If this is done,
then any further noise reduction, particularly on approach, can only be achieved if airframe noise is
significantly reduced. The dominant airframe noise sources are the high-lift devices such as flaps and
slats and the landing gear which may need to be completely eliminated to reach acceptable noise
levels.
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In a configuration where flaps, slats and landing gear are removed, wing trailing edge noise, side
edge noise and vortex shedding noise become the dominant airframe noise sources. Thus, the noise
levels need to be assessed when these sources are dominant. Without standard high-drag and high-
lift devices, the additional lift and drag required to maintain an aircraft on its take-off and approach
profiles need to be produced silently. The silent drag production is vital to the functionality of the
silent aircraft.
This multi-disciplinary project combines acoustics, aerodynamics and propulsion, and it is clear
that the airframe and the propulsion system must be more closely integrated to achieve the step-
change in noise reduction.
Innovative system concepts have been proposed to dramatically reduce noise emission. The
conceptual ideas presented in the next section strongly affect the design philosophy and it is essential
to assess their feasibility.
1.2.2 Silent Aircraft Concepts
The concepts introduced in this section represent potential technologies to enable a functionally-
silent aircraft. They include "quiet lift" and "silent thrust/drag" concepts, to allow noise reduction
and to meet aerodynamic performance requirements. These concepts are represented in Figure 1-1
and are explained in more detail in this section.
Power Assisted Lift
Multiple Small Engines
Embedded in the Airframe
Ultra High By-pass Ratio Silent Drag
Engine Airbrake
Silent Spoilers
Hidden Trailing Edge
Boundary Layer Ingestion
Aerodynamically Smooth Lifting Surfaces
No High Drag Devices
No Lift Discontinuities
Figure 1-1: Functionally-silent aircraft concepts.
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Aerodynamically Smooth Lifting Surfaces
Discontinuities in the lift distribution, due to the presence of high-drag devices such as flaps and
slats are responsible for the dominant airframe noise sources of conventional aircraft. A blended-
wing body type aircraft with no flaps or slats can potentially avoid lift discontinuities and eliminate
the associated noise sources. Then, wing self noise becomes the dominant airframe noise source.
The driving length scales of noise radiated from a blended-wing body type aircraft and the noise
levels induced by the implementation of such a configuration need to be investigated. Noise sources
may include trailing edge noise, but also wing side edge noise and vortex shedding noise. Tonal
noise from vortex shedding may be avoided with turbulent boundary layers and is not assessed in
this thesis. The use of winglets would destroy the wing side edge turbulent structures and may
reduce side edge noise levels, as suggested by the experimental work of Slooff et al. [1]. Side edge
noise essentially behaves similarly to trailing edge noise and is modeled using scaling laws based on
trailing edge noise in NASA's Aircraft Noise Prediction Program ANOPP [2] and in Brooks et al.
[3]. Trailing edge noise remains the basic noise source on a wing with a seamless trailing edge. It is
therefore critical to accurately predict the trailing edge noise radiated from aerodynamically smooth
lifting surfaces and to define the driving length scales important in the noise generation process in
order to investigate how these noisy structures can be altered.
Hidden Trailing Edge
Trailing edge noise is caused by the wing turbulent boundary layer scattered at the trailing edge.
This noise source could be attenuated by "hiding" the trailing edge. The hidden trailing edge
concept consists of an integrated engine-wing trailing edge design. Ingesting boundary layer flow
from the suction and pressure surface as shown in Figure 1-2, could reduce the scattering of the
turbulent unsteady flow responsible for trailing edge noise. From a noise benefit perspective, the
turbulent boundary layer flow interacting with the trailing edge would be removed using boundary
layer ingestion rendering a hidden trailing edge in terms of acoustics. From a performance benefit
perspective, boundary layer ingestion may improve the range of the aircraft (or decrease its fuel
consumption). Ingesting the wing surface boundary layers has two consequences. High entropy fluid
is ingested by the engines, increasing the thrust specific fuel consumption, but the net entropy flux in
the wake decreases, reducing the airframe profile drag. The net result of these two competing effects
suggests than there is an optimum level of boundary layer ingestion in terms of overall performance
yielding an improvement in flight range.
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Figure 1-2: Hidden trailing edge concept.
Ultra-High By-pass Ratio Turbofan Engines
One major propulsion noise source is the high-speed exhaust jet. Jet exhaust velocity and jet
temperature have a large effect on jet noise, which explains the noise reduction achieved by changing
the engine cycle from turbojet to turbofan. However, current turbofan engines, with by-pass ratios
of order 10, still radiate unacceptably high levels of jet noise levels at take-off. One way to further
decrease jet noise is to design the engine with ultra-high by-pass ratio (of order 60) such that the
jet exhaust velocity is reduced well below current levels. Once jet noise is dramatically reduced
with ultra-high by-pass ratio turbofan engines, fan and core noise become dominant and need to be
addressed.
Distributed Propulsion System Embedded in the Airframe
Embedding the engines in the wing and using active and passive acoustic liners could inhibit the
propagation of fan and core noise to the far-field. Installing and embedding ultra-high by-pass ratio
turbofan engines creates a technological challenge due to the large fan diameter. When the by-pass
ratio is increased to very large numbers, the duct losses become dominant due to the reduced fan
pressure ratio. The engine performance could be seriously deteriorated affecting the thrust output.
Instead of passing the entire mass flow through one duct, the propulsion system could be divided into
multiple small engines or multiple fans driven by a common core. A propulsion system distributed
along the span could allow an efficiently embodiment of the engines in the airframe and allow to
exhaust a low velocity and high aspect ratio jet along the span at the trailing edge.
Power Assisted Lift
In conventional aircraft configurations, flaps and slats are used to increase the lift at low velocities and
to increase the stalling angle of attack. Hence, with no flaps and slats, the aerodynamic performance
during take-off and approach of a silent aircraft are inadvertently modified. As a result, additional
lift may be required both at take-off and on approach for low flight velocities, unless the wing has a
high lift coefficient. The additional lift could be rendered by thrust vectoring or circulation control
using silent thrust devices creating the required lift currently generated by high-drag devices.
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Engine Air-Brakes
In the process towards a step-change in airframe noise reduction drag is also dramatically reduced.
This suggest that one technological challenge consists in developing tools to increase airframe drag
in silent ways. Currently, flaps, slats and landing gear transfer the potential energy of an aircraft
on approach into unsteady and noisy structures. The need to create drag on approach appears
essential, particularly with steep approach profiles. For instance, an aircraft of 310,000 kg (680,000
lbs) on a glide slope of 3 degrees and at a velocity of 80 m/s needs to dissipate 12.7 MW of energy.
If the approach glide slope is 6 degrees, 25.4 MW need to be dissipated. To dissipate that energy
silently, the engines could be operated in wind-milling mode. This inherently requires a redesign
of the turbomachinery with variable pitch blading. The fan would have to be geared and coupled
through a clutch or a torque converter to the low pressure spool. In normal mode the fan and the
LPC are both driven by the low pressure turbine. In wind-milling mode on approach and landing the
fan would essentially operate as a low efficiency turbine that could drive the LPC with the torque
converter engaged. The remaining power could be dissipated by having the low pressure turbine as
an additional load on the spool or using a hydrodynamic break. Already demonstrated and existing
engine technologies, such as the Un-Ducted Fan (UDF) with variable pitch or the Advanced Ducted
Propulsor (ADP) with thrust reversing capability and the JSF lift-fan clutch could be useful concepts
to help guide the assessment of an advanced engine design with wind-milling air brake capability.
Silent Spoilers
Another way of dissipating the energy on approach could be through "silent spoilers". Conventional
spoilers create drag in a very noisy manner. The idea behind a silent spoiler is to alter the noise
production mechanism by perforating the spoilers. The length scales responsible for the noise ra-
diated by unsteady vortical structures could be changed to length scales driving jet noise. Jet and
jetlet noise studies (see [4] and [5]) suggest that the peak frequency associated with jetlets is shifted
to higher frequencies and that the jets interfere to produce a lower peak sound pressure level (SPL).
These trends may be applied to the noise produced by a perforated spoiler resembling an array of
low speed jets. If the peak frequency is shifted towards frequencies where the sensitivity of the ear
is relatively low, the noise emanating from perforated spoilers could become imperceptible. The
viability of this concept needs to be investigated by determining how much drag can be produced
and at what noise levels.
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1.3 Scope of Thesis and Research Objectives
This thesis investigates the benefits and the feasibility of the following innovative concepts which
could enable a functionally-silent aircraft: quiet lift, silent thrust and a hidden trailing edge. This
research focuses on the assessment of the potential noise reductions rendered by these concepts.
Simple analytical modeling and existing semi-empirical noise predication models are used to evaluate
the potential benefits of the above concepts. Quiet lift is enabled by a clean wing using a seamless
trailing edge. Silent thrust is rendered by an embedded propulsion system with high aspect ratio
nozzles and low jet velocities. The hidden trailing edge concept integrates the propulsion system
with the airframe. In this thesis, the following research questions are addressed:
* What is the maximum potential noise reduction on approach with a "clean" 1 wing trailing
edge?
" Compared to current noise levels, what potential airframe noise reductions can be achieved
using a blended-wing body type aircraft with a seamless trailing edge?
" What are the benefits of a "hidden" trailing edge in terms of noise reduction?
* What are the benefits of a "hidden" trailing edge in terms of aircraft flight range?
" What are the most appropriate modeling tools suitable for assessing the noise benefits of a
non-conventional aircraft configuration?
" How does noise scale with aircraft size, i.e. what is the best size for a silent aircraft?
" What are the silent drag requirements of a functionally-silent aircraft?
* Compared to traditional pod mounted turbofan engines, what potential propulsive noise re-
ductions can be achieved using embedded engines exhausting high aspect ratio jets through
the trailing edge at low velocities ?
" On a preliminary basis, what would a functionally-silent aircraft look like?
1.4 Contributions of Thesis
A relatively simple and efficient noise prediction scheme suitable for non-conventional aircraft config-
urations has been developed based on first principles models and existing noise prediction methods.
A non-conventional aircraft using quiet lift technologies and an embedded propulsion system is as-
sessed assuming that trailing edge noise and jet noise are the two most dominant noise sources. A
1 A clean wing refers to a wing with no high drag devices, simple flap mechanisms and no lift discontinuities
23
trailing edge self noise prediction method suitable for non-conventional aircraft has been developed
based on the airfoil self noise model reported by Brooks et al. [3]. It was determined that for this
study ANOPP's Stone Jet Noise Module is the most suitable jet noise prediction method which can
be used for relatively high aspect-ratio nozzles (up to aspect ratios of 8:1).
A blended-wing body type airframe is a promising low noise configuration and is chosen as
the baseline aircraft. The wing geometry, aerodynamic performance and engine cycle reported in
Boeing's BWB CCD2 report [6] are used as baseline parameters.
The study of trailing edge self noise on approach suggests that the maximum potential noise
reduction in EPNL on a standard approach path is 27.2 dB, decreasing the approach noise to a level
of 68.5 EPNLdB. An additional reduction of more than 8 dB is possible by using a steeper approach
profile with a glide slope angle of 10 degrees.
The requirement of silent drag is determined and quantified using a drag coefficient. For a
full-scale aircraft on a 10 degree glide slope this drag coefficient can be as much as 0.15, which
corresponds to a drag force of 350, 000 N. The aircraft size has a small effect (on the order of 2 dB)
on the trailing edge noise during approach. A trade off has to be made between the reduction in
noise and the consequent silent drag requirements. For instance, a half scale aircraft on a 12 degree
glide slope angle requires about 45 % less drag compared to a full-scale aircraft.
The effects of boundary layer ingestion have been estimated in terms of trailing edge noise
reduction and flight range improvement. A hidden trailing edge suggests a trailing edge noise
reduction of 3 dB in approach EPNL on top of the reduction of 27.2 dB using clean lifting surfaces.
To increase the aircraft flight range, an optimal spanwise extent of boundary layer ingestion is
determined where approximately 60 % of the total engine mass flow stems from the boundary layer
flow. In such a configuration, the study suggests a 5.4 % range increase compared to the baseline
configuration with no boundary layer ingestion.
The parametric study of jet noise at take-off suggests a potential take-off noise reduction of 26
dB. This noise level was found assuming a single rectangular jet of an aspect ratio of 8:1, a jet
temperature of 400 K and a jet area corresponding to the engine cycle parameters of the BWB
reported in [6].
A first sketch of a blended-wing type silent aircraft is delineated. Nine small engines integrated
in the airframe at the trailing edge are used to render the required take-off thrust. Boundary layer
flow is ingested over 60 % of the span. The study suggests that this concept vehicle can potentially
achieve a noise reduction of 30 dB on approach and 22.5 dB at take-off.
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1.5 Outline of Thesis
This thesis is organized as follows: Chapter 2 provides some background in terms of current noise
reduction efforts, explains the difficulties associated with acoustic measurements and predictions, and
presents previous studies on noise source modeling and boundary layer ingestion modeling. Chapter
3 presents the conceptual approach and modular noise prediction framework used in this thesis.
Chapter 4 discusses the potential noise reduction on approach associated with a clean wing using a
back-of-the-envelope calculation. In Chapter 5, quiet lift concepts are analyzed. A parametric study
of trailing edge noise on approach is conducted. The benefits in terms of noise reduction and range
improvement of boundary layer ingestion are studied. In Chapter 6, a parametric study of jet noise
at take-off is carried out. Chapter 7 gives an overview of the results and delineates a preliminary
design of the silent aircraft. Finally, Chapter 8 presents the conclusions and recommendations for
future work.
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Chapter 2
Background
This thesis assesses for the first time the potential benefits of advanced quiet technologies using a
noise prediction methodology based on existing semi-empirical models. Aircraft noise has been a
concern since the 60's Section 2.1 summarizes on-going efforts towards reducing aircraft noise. The
noise metrics for aircraft noise and aircraft noise sources are discussed in Section 2.2. Then, existing
prediction methods are described in Section 2.3 to report the state-of-the-art prediction models.
Finally, Section 2.4 presents the previous work related to boundary layer ingestion.
2.1 Noise Reduction Goals
In 1992, NASA launched the Advanced Subsonic Technology (AST) program. One of the major
concerns of this program was the environmental acceptance of the national air transportation system.
In terms of environmental noise reduction, the goal of the AST program is a substantial noise
reduction of 10 dB. Table 2.1 illustrates the corresponding noise reduction perception.
Level Reduction Perception
1-2 dB Perceived difference
2-3 dB Conspicuously quieter
5 dB Substantially quieter
10 dB Half as loud
20 dB One fourth as loud
Table 2.1: Noise reduction perception from [7].
The motivation for the Quiet Aircraft Technology (QAT) program, started more recently, is to
reduce the perceived noise impact of future aircraft by one half from 1997's subsonic aircraft (10 dB)
within 10 years, and by three quarters (20 dB) within 25 years. This challenging goal requires the
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development of new technologies. The Blended-Wing-Body developed by Boeing also has ambitious
noise reduction goals: stage 3 (-30 dB), cumulative, as reported in the Boeing Configuration Control
Document CCD2 [6]. The BWB seems very promising in terms of noise reductions. Fan noise
could be potentially shielded by mounting the engines on the upper wing. Inlet noise reduction
by shielding for the BWB was studied in Clark and Gerhold [8] and lead to 10 to 25 dB noise
reduction. Compared to traditional airframes, a blended-wing body aircraft with relatively simple
high-lift system could yields to substantial airframe noise reductions. The BWB therefore seems to
be a promising baseline configuration to study the design of an aircraft with noise as a prime design
variable.
2.2 Introduction to Acoustics
An appropriate metric needs to be defined to adequately quantify noise and the main aircraft noise
sources need to be determined. Section 2.2.1 describes noise properties and the appropriate metric
for aircraft noise, which is the effective perceived noise level (EPNL). Then, Section 2.2.2 discusses
the dominant aircraft and propulsion system noise sources.
2.2.1 Noise Measurements and Metrics
When the pressure fluctuates about the ambient pressure, an acoustic wave is produced and sound
is created. The range of mean pressure fluctuation the human ear encounters is large and ranges
from 2 - 10- to 103 Pa such that a logarithmic measurement scale is then suitable. In addition, the
human perception of loudness exhibits a logarithmic behavior. The sound pressure level (SPL) is
defined as
SPL(f) = 10 log = 20 log , (2.1)
Po Po
where the reference pressure Po = 2 - 10- Pa is the pressure at the threshold of hearing at 1 kHz.
The human ear perceives the following noise reductions: a 2 dB reduction is conspicuously quieter,
a 10 dB reduction is perceived as half as loud and a 20 dB reduction as one fourth as loud. As a
result of the logarithmic scale, reducing one of three equally loud noise sources of 10 dB results in
a noise reduction of 1.55 dB. thus, all dominant noise sources as well as sources up to 9 dB lower
than the dominant sources need to be taken care of until the resulting noise level is acceptable. To
meet the challenging goals of a silent aircraft, all dominant noise source emissions must be reduced
by more than 20 dB.
The frequency dependence of noise can be represented in sound pressure level in narrow-band or
1/3 octave band spectra, where the latter contains less information. In ANOPP, 1/3 octave band
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spectra are used. Due to the improvement of experimental techniques and the increase in computa-
tional power, more recent noise measurements and predictions are conducted in narrow-band. Care
has to be taken when comparing 1/3 octave to narrow-band spectra. A detailed discussion of this
issue can be found in [9].
In addition, the human ear has a sensitivity which depends on the intensity of the pressure
fluctuation as well as its frequency. Noise measurements that take into account the high sensitivity
of the ear between 1 kHz and 5 kHz include A, B, C an D weighting curves, which are used for
different noise levels. In the 60's, the need to evaluate the noise radiated by aircraft lead to the
development of the perceived noise level (PNL) and the effective perceived noise level (EPNL). The
steps describing how to compute the EPNL are defined in FAR Part 36 Appendix B and reported
in [10]. The Federal Aviation Administration (FAA) uses EPNL to measure noise at given observer
reference locations, as shown in Figure 2-1. The PNL, which closely resembles the D-weighted level,
takes into account the high sensitivity of the ear between 1 and 5 kHz. The EPNL also accounts for
the noise duration, which is essential to measure the annoyance during an aircraft flyover or other
flight profiles. The EPNL is thus an appropriate metric for the noise emissions during an event. The
EPNL noise measurement points defined by the Federal Aviation Administration (FAA) and shown
below in Figure 2-1 are used as the reference point in the event.
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Figure 2-1: Noise measurement points for aircraft certification, defined in FAA Far Part 36 Appendix A.
2.2.2 Aircraft Noise Sources
All dominant noise sources need to be considered in order to achieve a significant reduction in the
overall noise level. Figure 2-2 depicts the relative importance of airframe and propulsive noise sources
of a current jet aircraft. Recent efforts towards propulsive noise reduction, such as advanced fan
design ([11]), chevron nozzles ([12]), or multi-lobed mixers ([13], [14]) can potentially decrease the
relative importance of propulsive noise compared to airframe noise on approach. First, an overview
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of airframe noise sources is presented. A discussion and comparison of these noise sources leads to
the definition of most dominant airframe noise sources that need to be reduced. The propulsive
noise sources and their relative importance are then discussed.
5dBI 5dB
00
Typical Departure Noise Typical Arrival Noise
Distibution Distibution
Figure 2-2: Typical propulsion system and airframe component noise levels from [15].
Airframe noise sources
Airframe noise, i.e. non propulsive noise becomes dominant on approach when propulsive noise is
reduced, particularly when aircraft are equipped with modern turbofan engines that yields reduced
engine noise levels. The high-drag configuration is mainly responsible for the dominant airframe noise
sources, with landing gears, flaps and slats as shown in Figure 2-3. These noise sources have been
largely studied theoretically ([16]- [19]), experimentally ([20]- [33]) and using numerical simulations
([34]-[37]). However, the fundamental mechanisms for noise generation are not yet fully understood,
and most of the prediction methods employ semi-empirical noise prediction models for the high-lift
system and empirical noise prediction models for the landing gear. Also, any lifting surface, such
as the wing, vertical and horizontal tail, create noise mainly due to the presence of relatively sharp
edges across which turbulent flow structures are scattered. This type of noise source has largely
been studied from a theoretical point of view ([38]- [45]). A significant amount of experimental work
has also been conducted which helped in developing semi-empirical models ([3], [46]- [49]).
Envisioning a silent aircraft that would have a wing with a seamless trailing edge and the landing
gear deployed very close to the ground, the most dominant airframe noise source is the aircraft wing.
The noise sources on an airfoil are shown in Figure 2-4. Airfoil self noise consists of trailing edge
noise, side edge noise and incidence fluctuation noise, present when the airfoil vibrates. Vortex
shedding can occur when laminar boundary layers develop. Trailing edge noise and side edge noise
can be thought of a combination of dipole and quadrupole sources and the underlying mechanism
to be turbulence interacting with an edge. Brooks et al. [3] report an airfoil self noise prediction
method based on experimental data.
The fundamental self noise sources seem to be the most dominant noise sources on a flying wing.
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Figure 2-3: Airframe noise sources.
Side edge noise can be reduced using winglets as suggested in Slooff et al. [1], where the noise source
level of the flap tip could be reduced by up to 7 dB with flap tip fences. Winglets or fences seem to
destroy the turbulent structures at the side edge of the wings. Using winglets on a flying wing, it
is suggested that trailing edge noise becomes the most dominant airframe source. Hence, predicting
trailing edge noise is the main focus in this thesis.
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(Quadrupole Noise)
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Figure 2-4: Airfoil noise sources.
Propulsive Noise Sources
Engine noise can be divided into jet noise, fan noise (for turbofan engines), turbine noise, blade
row interaction noise and combustor noise (often referred to as core noise), as indicated in Figure
2-5. Jet noise occurs when fluid is ejected to a stagnant or slowly moving background flow. The
shear between the two flows creates mechanical instability resulting in a break down into vortical
structures. Lighthill [501 argued for subsonic jets that the turbulence can be viewed as a distribution
of quadrupoles and that the jet acoustic power is proportional to a velocity close to the power eight.
For supersonic jets Mach waves emanate from the supersonic shear layer, and shocks can occur
31
that adjust to ambient pressure. To first order, turbomachinery noise can be thought of as dipole
sources, since some of the noise is produced from oscillating forces on blades. Fan and turbine noise
include both tones and broadband noise. Buzz saw noise can also be produced in high by-pass ratio
turbofans on take-off, when the motion of the blades relative to the observer is supersonic. This
is due to weak shocks produced near the blade tips that propagate and interfere because of the
mechanical imperfection of the blade. More details and a short summary of engine noise sources
can be found in Kerrebrock [51]. The relative importance of these sources is shown in Figure 2-6.
Turbojet engine noise is dominated by jet noise aft of the engine. With the introduction of high by-
pass ratio turbofan engines, engine noise was reduced and the dominant propulsion noise sources are
the fan and the jet. Current research efforts focus on fan noise reduction by optimizing rotor speed
and sweep, and by introducing acoustic liners and trailing edge blowing. If turbomachinery far-field
noise emissions are reduced using such devices and the embodiment of the propulsion system, jet
noise becomes the dominant propulsive noise source.
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turbine anandCORE NOISE combustor conustor
TURBINE NOISE
BLADE ROW INTERACTION
Figure 2-5: Propulsion noise sources. Figure 2-6: Propulsion noise sources and direc-tivity.
In summary, it is important to note the following:
" Human sensitivity to sound is reflected in the logarithmic and frequency-weighted EPNLdB
metric. Therefore, a reduction in all noise sources is required to achieve a significant improve-
ment in noise emissions.
* It is concluded from past and present efforts targeted to reduce component noise that progress
in overall noise reductions has to be made by reducing all dominant noise sources.
" Trailing edge noise and jet noise seem to be the most dominant noise sources when implement-
ing quiet lift and silent thrust concepts.
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2.3 Previous Work and Prediction Methods
Various models have been developed to predict the dominant aircraft noise sources. The current
stage of knowledge is well represented by the acoustic theory reported in Howe [52]. NASA's Aircraft
Noise Prediction Program (ANOPP [2]) that is currently used in the field is presented in Section
2.3.1. However, noise measurements in narrow-band spectra and further insight into the physical
phenomena lead to improved noise models, in particular for trailing edge noise and jet noise, as
described in Sections 2.3.2 and 2.3.3. The scaling laws are in good agreement with experimental data,
but discrepancies in quantitative predictions of noise levels appear between the different prediction
models. It is therefore essential to determine which noise prediction model is adequate to predict
the noise radiated from an unconventional aircraft.
2.3.1 ANOPP
The Aircraft Noise Prediction Program (ANOPP) [2] is a code developed by NASA that predicts
noise radiated by aircraft based on theoretical considerations and empirical data. Different noise
sources can be switched on and off. For example, the different noise sources of airframe noise, wing
trailing edge noise, horizontal and vertical trailing edge noise, slat noise, flap noise and landing gear
noise can be predicted. The propulsive noise sources such as jet noise, shock noise, turbine noise,
fan noise and core noise can be evaluated individually. All the airframe noise sources, with the
exception of the landing gear, have acoustic powers proportional to the Mach number to the power
five, which is a typical result of trailing edge noise theory. The acoustic power of the landing gear
noise is modeled proportional to the Mach number to the power six, which is based on experimental
results. The model used is based on Fink's theory [49]. Noise can be computed in 1/3 octave band
SPL, OASPL, PNL, PNLT, dBA or dBD for a given position of the noise source and the observer.
The interaction between the different modules is described in Figure 2-7. The flight path is defined
with one of the flight path modules. The noise radiated from the aircraft is then computed in the
"near-field" in SPL in 1/3 octave band and propagated to the observer. Atmospheric absorption,
ground reflection and attenuation can be taken into account. Perceived noise levels (PNL) are then
computed. For a given observer, the effective perceived noise level (EPNL) can also be computed.
This comprehensive prediction code has the advantage of combining noise prediction methods with
the modeling of flight dynamic and noise calculations in EPNL. However, airframe noise source
predictions, in particular trailing edge noise predictions, are calibrated to flyover data and may not
represent self trailing edge noise. In order to derive the minimum possible noise radiated from a
silent aircraft, the prediction of self noise for each noise source would be more appropriate. In the
next section, theoretical considerations and existing noise models for trailing edge noise and jet noise
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Figure 2-7: ANOPP modules and flow chart.
are presented, and the most appropriate models are determines.
2.3.2 Noise Source Analysis: Trailing Edge Noise
One essential noise source, which contributes to airfoil self noise, is the trailing edge. This noise
source can become dominant for aircraft in clean configuration. Trailing edge noise at low flight Mach
number needs to be reduced in order to decrease the overall noise radiated from a clean airframe.
When a turbulent boundary layer develops on a wing, the turbulence that passes over the trailing
edge is scattered and radiates broadband noise. If the edge is thick and the boundary layer laminar,
vortex shedding may occur, resulting in quasi-tones. Turbulent trailing edge noise has been studied
since the 60's but the physics are not yet fully understood. Also, the complexity of vortex shedding
noise has not allowed a phenomenoligical description of this noise source. However, Brooks et al.
[3] propose a scaling law based on the trailing edge noise theory validated by experiments. This
prediction seems to capture trailing edge self noise, since it is believed that no other noise source
contaminated the experimental results.
A Scaling Law for Trailing Edge Noise, Theoretical Considerations
Powell [38] first addressed the problem of trailing edge noise. From similarity arguments, he argued
that the edge noise was of dipole nature, with acoustic power proportional to the velocity to the power
between four and five and a high frequency "roll off' in the spectrum proportional to f-3 . Ffowcs-
Williams and Hall [39] used Lighthill's acoustic analogy [50] to deduce a scaling law for trailing
edge noise. A semi-infinite rigid plane was considered to analyze and model the noise radiated when
an eddy interacts with the trailing edge. Figures 2-8 and 2-9 show the coordinate system and the
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geometric parameters used to describe trailing edge noise. Ffowcs-Williams and Hall used a Green's
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Figure 2-8: Coordinate system. Figure 2-9: Turbulent flow past the trailing
edge.
function to solve the inhomogeneous wave equation assuming isentropic flow, no viscous effects and
compensation of the pressure perturbations by density fluctuations. A scaling law is deduced for the
trailing edge noise. The mean square of the acoustic pressure radiated by one eddy at the trailing
edge can be approximated by
2= r 2( P (U5/ao) (A/63) 2 (v 2 /U2) cos2 ( ) cos(4) cos2 (), (2.2)
where 6 is the characteristic turbulent length scale, r is the distance to the far field, U is the
convection velocity of the turbulence past the edge, ao is the speed of sound, A is the volume of a
turbulent eddy, 0 and 4 are the polar directivity and the azimuthal directivity angles respectively,
v2 is the mean square transverse velocity fluctuation such that v2/U 2 is the turbulence intensity,
and 3 is the angle between the mean flow and the edge of the half plane, as shown in Figure 2-9.
To obtain the trailing edge noise for a trailing edge of span b, Equation 2.2 must be multiplied
by the number of eddies scattered at the trailing edge, which is proportional to b/26. This yields
p 26b( )2P2 (U/ao) 2 c ) cos 2(p). (2.3)
r 2
This scaling law (in particular the cos2 (1) directivity, the turbulence level dependence, the velocity
to the power five law, the dependence on turbulent length scale, span and distance to the observer)
has been used for all the semi-empirical trailing edge noise prediction models and seems to capture
the fundamental mechanisms.
Chase [40] developed another approach to predict trailing edge noise, which is based on the
solution of linearized hydroacoustic equations. The spectrum and intensity of the radiated noise are
calculated from turbulent flow by diffraction at the edge of a rigid plane. The far field spectrum is
related to measurable properties of the hydrodynamic pressure fluctuations on or near the trailing
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edge of the plate. Using an assumed pseudo-sound field on the plate, Chase was able to find a
scaling law similar to the one by Ffowcs-Williams and Hall [39]. He also deduced that the frequency
spectrum at high frequencies varied as f-2 , which gives more insight into the frequency spectrum
shape.
Howe [44] reviewed and combined the two theories of the trailing edge noise, which are based
on Lighthill's analogy and linearized hydroacoustics. He discussed the effect of forward motion,
resulting in Doppler factors as well as the implication of the Kutta condition, which was not included
in the former theories. In his unified theory, Howe chose as the fundamental acoustic variable the
stagnation enthalpy B f ! + v 2 for isentropic flow, rather than the static pressure. The equation
which governs the generation of sound in the case of homentropic flow was expressed in terms of the
inhomogeneous wave equation. The following approximations were made to solve the wave equation:
the eddy is frozen when it convects past the trailing edge, the convection velocity of the eddy is
approximated by the local mean velocity V, and effects of compressibility are neglected near the
trailing edge. How's result reduces to the Ffowcs-Williams and Hall formula given in Equation 2.3 if
the Doppler factors are neglected. Howe discussed the effects of applying the Kutta condition. When
the Kutta condition is applied, the overall mean square pressure is reduced by a factor of (U-w)2
where W is the wake convection velocity. Howe evaluated the difference in SPL when applying the
Kutta condition. This difference can be as large as 10 dB. The question whether or not the Kutta
condition should be used is still unresolved. Thus, semi-empirical prediction methods seem to be
more appropriate to determine noise levels.
Experiments and Semi-Empirical Predictions
Different theories have been proposed to predict trailing edge noise. The relevant prediction methods
agree on global scaling laws, such as the U5 scaling, the cos 2 (1) directivity and the dependence on
the turbulence level squared N. The presence of a mean flow is also altered by Doppler factors.
This section presents experiments and semi-empirical predictions that support this theory.
Fink [46] evaluated the trailing edge noise theory with far-field measurements of noise radiated
by a flat plate at zero incidence. In his experiments, the turbulence levels ranged between 4 % and
6 % and the Reynolds number varied between 106 to 5.6 -106. The mean square pressure was found
to vary with the velocity to the fifth power and turbulence level squared, as predicted by Ffowcs-
Williams and Hall and by Chase. Also, the frequency dependence at high frequencies corresponded
to Chase's prediction such that spectra were found to decay 6 dB per octave.
Fink [47] compared the OASPL prediction based on the Ffowcs-Williams and Hall formula for
trailing edge noise to measured maximum OASPL for various airframes during flyovers. Assuming a
turbulence level of 1%, he found a good agreement between the theoretical formula of the maximum
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OASPL during a flyover, at a polar directivity angle of about 71'. This prediction had a standard
deviation from the flyover noise data for aerodynamically clean airframes of 2.5 dB. Figure 2-10
shows the maximum OASPL emitted by aircraft at flyover. The aircraft fall into different cate-
gories, conventional low-speed aircraft, jet aircraft and high-performance sailplanes. The two latter
categories have OASPL 6 dB and 8 dB lower than the conventional low-speed aircraft.
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Figure 2-10: Airframe Noise (maximum OASPL for clean configuration at flyover altitude h) normalized for
wing area S. Solid lines correspond to the U5 scaling predicted by the trailing edge noise theory
(from Fink [49]).
As reported in Fink [49], ANOPP simply decreases the OASPL of 8 dB for aircraft equipped
with simple flap mechanisms and sailplanes, to match experimental flyover data. Doppler factors
are included in ANOPP to take into account flight effects. An empirical spectrum in 1/3 octave
bands, recommended by Fink and reported in Crighton [33], is used in ANOPP's trailing edge noise
prediction. A more detailed description of the trailing edge noise modeling in ANOPP is presented in
Section 3.2.1. ANOPP's airframe noise prediction model gives satisfactory results for conventional
aircraft, taking into account flaps, slats, landing gear, horizontal and vertical tail. However, the
trailing edge noise description is based on flyovers and may include additional noise sources (cavities,
lift discontinuities). In addition, the prediction uses a flat plate boundary layer approximation to
determine the turbulent length scale of the lifting surfaces. Hence, this prediction does not take
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into account the airfoil shape and the characteristics of the boundary layer. Therefore, the model
developed by Brooks et al. [3], who conducted extensive experiments to predict the trailing edge
self noise, may be more appropriate to describe trailing edge noise.
Brooks et al. [3] conducted a series of experiments in an anechoic chamber investigating the
noise radiated by 2D airfoil models located in a low-turbulence potential core of a free jet. 2-D
NACA 0012 models were tested for Reynolds numbers ranging from 5.5 - 104 to 1.5 -106. The airfoil
angles of attack was corrected for the flow curvature and the downwash deflection due to the wind
tunnel. A prediction method based on the trailing edge noise scaling law and experimental data
was developed. The dependence of the peak Strouhal number on the angle of attack is emphasized
as well as its dependence on the Mach number. Tripped and untripped NACA 0012 airfoils were
tested at different angles of attack and the predictions matched the experimental data well. When
laminar boundary layer developed, vortex shedding occurred for untripped flows over the airfoils,
inducing distinct noise peaks. However, at high Reynolds numbers, as it is the case for a silent
aircraft, laminar boundary layers do not develop. Therefore, the effect of vortex shedding are not
considered in this thesis. Jet noise theories and semi-empirical predictions have also been developed,
as discussed in the next section.
2.3.3 Noise Source Analysis: Jet Noise
Overview of Jet Noise Modeling
Turbulent jets generate aerodynamic sound that can be attributed to different sources such as
turbulent mixing noise and shock associated noise if shock cells are present. The silent aircraft
is a subsonic aircraft. In such case, only mixing noise is radiated. Lighthill [50] approached the
noise source problem with an acoustic analogy. This analogy resulted in a noise scaling law. The
acoustic power radiated by a jet, where the source terms (right hand side of the wave equation) are
represented by quadrupoles, vary as the eight power of the jet velocity. The sound field is directive,
due to sound convection and refraction in the shear layer. Model experiments were conducted for
example by Ahuja [53], Lush [543, ARP 876 [553. The measurements were compared to the theory in
order to describe the jet noise as a function of the jet velocity, temperature, density and characteristic
geometry of a jet. Stone [56] reports the maximum far field noise radiation at a polar directivity
angle of 90 degrees as
p2 (90) _ 9 -1013 (pj/po)wM 7
_S (2.4)
p2 r2 1 - 0.1M 2.5 + 0.015M 4 .5
Based on ARP 876 [55], [57] and [58], ANOPP uses semi-empirical models to predict jet noise.
These predictions match test data for circular jets. Predictions that can be used for a single jet are
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the Single Stream Jet Noise and Stone Jet Noise Modules. A more detailed description of ANOPP's
jet noise modules is given in Section 3.2.2 where different noise prediction models are compared.
Most of the work was done on round jet nozzles but recent effort focuses on rectangular jets as
reported by Tam and Zaman [4], Munro and Ahuja [59]-[60].
The Two Components of Turbulent Mixing Noise
It was discovered in the 70's that the turbulent flow features in jets consist of large-scale turbulent
structures as well as fine-scale turbulence. Tam and Morris [61] and Tam and Burton [62] showed that
noise can be radiated by instability waves in a mixing layer. The noise generation from instability
waves seems to be enhanced when the flow is supersonic. However, the two components, large
scale and fine scale turbulence appear to be present in subsonic jet noise as well. Tam et al. [63]
identify the spectra generated by the two basic components present in jet noise, large-scale turbulent
structures and instability waves and fine-scale turbulence. These two similarity spectra appear to
be universal and fit all the supersonic jet noise data from NASA Langley Research Center as well as
the subsonic data collected by Ahuja [53]. Noise fields radiated by rectangular jets are found to be
quite axisymetric in Tam and Zaman [4] and Zaman and Tam [64] and are in good agreement with
the similarity spectra as well. The narrow-band spectra seem to be valid for both supersonic and
subsonic jets, for both axisymetric and non-axisymetric nozzles. A review of jet noise is reported in
Tam [65] and further comparisons and comments can be found in 3.2.2.
The goal to significantly reduce trailing edge noise and jet noise could be achieved by using a
hidden trailing edge and embedding the engines. A key concept is boundary layer ingestion which
is discussed in the next section.
2.4 Boundary Layer Ingestion
The concept of ingesting boundary layer flow into the engine inlet is not new. Lynch [66], Douglas [67]
and Smith [68] showed that the overall propulsive efficiency could be improved by using boundary
layer ingestion. More recently, ingestion of boundary layer has been considered for the Blended-
Wing Body aircraft and has been studied in Rodriguez [69] and Hanlon [70]. Both documents
report potential advantages of ingesting boundary layer flow for the BWB. The low momentum flow
of the boundary layer is ingested upstream of the three engines at the center of the wing. The
noise benefits of boundary layer ingestion however have not been assessed. The hidden trailing edge
concept, introduced in section 5.4 is based on the ingestion of boundary layer fluid. For such a
configuration, the benefits in trailing edge noise reduction and range improvement are assessed in
Chapter 5.
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Chapter 3
Approach
3.1 Conceptual Approach
This thesis attempts to assess the feasibility and the benefits of innovative quiet concepts associated
with non-conventional aircraft. The objective is to quantify the noise reduction benefits using these
concepts and to conduct a sensitivity study. In this context, aircraft noise is considered as a prime
design variable. Instead of developing new noise source prediction methodologies, this research
focuses on system aspects, using existing tools based on first principles. Basic noise mechanisms
are considered, such as trailing edge noise and jet noise. Since the mechanisms are not yet fully
understood, one of the challenges is to define the most appropriate prediction method for each noise
source. An exact and adequate parameterization of the noise sources is essential for assessing non-
conventional aircraft. configurations. Such configurations can be blended-wing body type aircraft
with seamless trailing edge wings and embedded propulsion systems.
I order to conduct a sensitivity study, a parametric study of the noise sources needs to be carried
out. Current high fidelity prediction methods such as large eddy simulations (LES) and compu-
tational aeroacoustics (CAA) represent the state-of-the-art in noise computational noise prediction
methods. However the prediction method to be used in this thesis should allow the simple addition
of other noise sources, be modular, and render a quick turnaround time. The prediction methods
should also be suitable for non-conventional geometries, for instance seamless trailing edge wings
or high aspect ratio nozzles. Simple semi-empirical models based on experimental data and scaling
laws appear more appropriate in the light of this study and will be used to develop a noise prediction
framework for non-conventional aircraft. The framework and the modules that map the different
concepts studied in this thesis are presented next.
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3.2 Framework
The concepts studied in this thesis can be divided into three categories and are studied in three
modules: airframe noise, propulsive noise and the effects of boundary layer ingestion, as shown in
Figure 3-1.
Figure 3-1: Airframe-propulsion system and quiet concepts, noise prediction framework.
The smooth lifting surfaces and seamless trailing edge wings reduce lift discontinuities and thus
airframe noise. In the absence of high-drag devices, the dominant airframe noise sources are landing
gear noise, wing side edge noise and trailing edge noise. Landing gear noise can be neglected if the
landing gear is deployed very close to the ground on approach. Wing side edge noise could also be
reduced if the aircraft is equipped with winglets, as suggested by Slooff et al [1]. In such configuration,
trailing edge noise is assumed dominant and seems to be the most challenging airframe noise source
to be reduced. Then, the maximum achievable trailing edge noise reduction yields an estimate of
the minimum noise levels on approach. Trailing edge self noise is therefore the main concern for
the airframe noise study in this thesis. This component requires the choice of a noise prediction
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model and, as discussed in Section 3.2.1, the trailing edge self noise model based on Brooks et al.
[3] is chosen as the most appropriate prediction method. The wing boundary layer displacement
thickness used in the trailing edge noise model is calculated using X-foil and a quasi-3 dimensional
approach by dividing the lifting surface into 2-dimensional sections. The geometry of 28 sections of
the BWB reported in the CCD2 report [6] are used for this study. Noise propagation and EPNL
calculations for an observer at the approach noise measurement point are conducted using ANOPP
[2]. The approach path is assumed steady, and the glide slope angle 0 and the approach velocity Uo
are variable parameters in this study. The aircraft angle of attack is deduced from lift coefficients
reported in the Blended-Wing Body CCD2 report [6] and the lift required to maintain the aircraft
on the approach profile. The silent drag requirement is then deduced from the difference between
the drag required to maintain the aircraft on the glide slope and the aerodynamic drag produced by
smooth lifting surfaces with seamless trailing edges. The effect of aircraft size on trailing edge noise
emissions and silent drag requirement are also studied. A parameter k proportional to the wing area
is used to express the effects of aircraft size.
High by-pass ratio turbofan engines embedded in the airframe radiate mostly fan noise and jet
noise, and these noise sources are dominant during take-off. Embedding the engine in the airframe
and using acoustic liners helps shielding fan noise efficiently. For such an airframe-propulsion system
configuration, jet noise seems to be the most challenging noise source to be reduced. If jet noise is
assumed dominant at take-off, then the maximum achievable jet noise reduction yields an estimate of
the minimum noise level during take-off. A parametric study of jet noise during take-off is therefore
conducted. The choice of an adequate jet noise prediction model is discussed in Section 3.2.2. The
parameters of this study are the exhaust jet area Aj, the jet temperature Tj and the aircraft size
k. The take-off profile is computed using ANOPP's Jet Takeoff Module. The thrust F, which is a
function of the flight Mach number MO, is assumed to be constant for a given Mach number and
aircraft size. The BWB engine thrust, as reported in CCD2 report [6] is used to model the thrust of
the full-scale aircraft. The noise propagation and EPNL calculations for an observer at the take-off
noise measurement point are conducted using ANOPP.
Boundary layer ingestion yields potential airframe noise reductions by hiding the trailing edge
and performance improvements in terms of flight range improvements. Boundary layer flow over the
span is ingested in a mail slot of length LO at a distance xe from the trailing edge. Trailing edge
noise is then only generated by the interaction of the trailing edge with turbulent boundary layer
flow developing downstream of the mail slot over thee wing body and near the wing tips. A thinner
boundary layer is then responsible for lower amplitude, but also higher frequency trailing edge noise.
In this analysis, the boundary layer flow is modeled using a flat plate boundary layer analysis on a
delta wing. Trailing edge self noise is deduced from this analysis. When the engines ingest boundary
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layer fluid, two competing effects affect the aircraft range. Ingesting high entropy fluid from the
wing boundary layer increases the thrust specific fuel consumption, but decreases the net entropy
flux in the wake due to the reduction in profile drag. The boundary layer ingestion module is
coupled with an engine cycle analysis to determine the range improvement. Range improvements
are evaluated using the Breguet Range equation, where changes in thrust specific fuel consumption
(TSFC) and viscous drag due to boundary layer ingestion are taken into account. The engine cycle
analysis is conducted at take-off in order to meet the take-off thrust requirements. The BWB engine
cycle suggested in the CCD2 report [6] is used and kept constant. The gas turbine performance
simulation program Gasturb is then used to obtain the engine performance at cruise conditions and
in particular the cruise TSFC. The range improvement is deduced from the cruise TSFC increase
and the drag reduction.
The noise models to predict trailing edge noise and jet noise have to be chosen carefully to yield
an accurate prediction of self noise, to account for geometric and physical parameters and to render
a quick turnaround time. Section 3.2.1 describes and compares two candidate trailing edge noise
prediction methods: ANOPP's trailing edge noise model reported in [2] and the trailing edge self
noise model developed by Brooks et al. [3]. Section 3.2.2 summarizes and compares ANOPP's Single
Stream Jet Noise Module and Stone Jet Noise Module [2] with the jet noise model developed by
Tam [65].
3.2.1 Trailing Edge Noise Modeling
To estimate trailing edge noise emissions during approach, a simple prediction model for trailing edge
noise is required. This model should be based on physical drivers, take into account the boundary
layer characteristics and be suitable for a wing with a seamless trailing edge.
A number of different trailing edge models are reported in the literature. The trailing edge
scaling law based on the analysis by Ffowcs-Williams and Hall [39], (reported in Equation 2.3) is
used in the semi-empirical prediction methods cited in Section 2.3. These methods are ANOPP's
trailing edge noise model [2] and the trailing edge self noise by Brooks et al. [3]. One challenge is
to determine which trailing edge noise model is most appropriate to predict the noise signature of
a functionally-silent aircraft configuration. First, ANOPP's trailing edge noise model is presented.
Next, Brooks et al. airfoil self noise model is introduced. Then, the trailing edge self noise model
is compared to ANOPP's trailing edge noise model in order to determine which one best meets the
requirements of this study.
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ANOPP Trailing Edge Noise Model
ANOPP's trailing edge noise model is semi-empirical and based on Fink [49]. Its description is
provided in ANOPP Theoretical Manual [2]. Based on the trailing edge noise theory (summarized
in Section 2.3.2), the mean square acoustic pressure is proportional to the wing span, the turbulence
length scale, and to the flight velocity to the fifth power. The boundary layer thickness is taken
as the turbulence length scale and the spectrum function F is determined empirically. The general
expression of the mean-square pressure is
(p2) * = rl (,OF(3.1)47r(r*)2 (I - M cos(6)4 '
where * represents non-dimensional components. The overall sound power is
H* = 4.464 - 10- 5M 56* (3.2)
where Mo is the flight Mach number and 6* is the dimensionless turbulent boundary layer thickness
computed from the standard flat plate turbulent boundary layer model:
6* = 0.37 A" (poMoaoA -0.2 (3.3)
* bw pob.
The directivity function for the clean wing is given by
D(,) =4 cos2(#) cos2( ). (3.4)
The spectrum function for rectangular wings in 1/3 octave band is
F(St) = 0.613(10 -St)4 [(10 - St)'. 5 +0.5] 4 (3.5)
where the Strouhal number St is defined as
f 3* bSt= (1 - Mo cos 9). (3.6)
Moao
This prediction was scaled to fit flyover data. In order to take into account the trailing edge noise
from different lifting surfaces corrections were included in the prediction. Also, the flyover data was
corrected for atmospheric absorption.
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Brooks et al. Trailing Edge Noise Model
Brooks et al. [3] developed a description of the trailing edge self noise. The airfoil model used in the
experiments was a NACA0012. In these experiments, the Reynolds number ranged from 5.5 -104 to
1.5- 106. This range is lower than the Reynolds number of a flow past a large aircraft on approach,
which is on the order of 10 7 to 108. The low turbulence level of less than 0.05 % allowed to capture
the self-noise of the airfoil. The trailing edge noise model is based on the trailing edge noise scaling
laws such as a dependence on the velocity to the fifth power and the boundary layer displacement
thickness. The pressure side SPL, and the suction side SPL, are expressed in 1/3 band spectra
and are given by
5*Mo b co2 ) }cos2 ) SSPL, = 10 log M(b cos() ) + F( StP ) + K1 + AK 1 , (3.7)(r 2 (1 - Mo cos(O)) 4  St peak
6* M'b cos2( } Cos 2(o) StSPLS = 10 log ( PMbco ) + F( ) + K1, (3.8)
r2 (1 - Mo cos(o)) 4  Stpeak
where P* is the airfoil displacement thickness, Mo is the Mach number and r is the distance to the
observer. In order to include flight effects, Doppler factors were added to the prediction method
developed by Brooks et al. The Strouhal number definitions are
St,= , = I* , and Stpeak = 0.02M- 0 .6 . (3.9)
Uo Uo
The spectrum function is evaluated in 1/3 octave band with
F(a) = Fmin(a) + AR(ao)[Amax(a) - Amin(a)], (3.10)
where
St
a = llog( |. (3.11)
St peak
ao depends on the Reynolds number and is given by
0.57 if Re < 9.52- 104
ao(Re) = (-9.57- 10- 1 3 (Re - 8.57 - 105)2 + 1.13 if 9.52 - 104 < Re < 8.57 105
1.13 if Re > 8.57 - 105 (3.12)
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The interpolation factor AR(ao) is defined by
AR(ao) = -20 - Amin (ao)
Amax(ao) - Amin(ao)'
where Amin and Amax are two spectral functions of a defined as
V67.552 - 886.788a 2 - 8.219
-32.665a + 3.981
-142.795a 3 + 103.656a 2 - 57.757a + 6.006{/67.552 - 886. 88a 2 - 8.219
-15.901a + 1.098
-4.669a 3 + 3.491a 2 - 16.699a + 1.149
if a < 0.204
if 0.204 < a < 0.244
if a > 0.244
if a < 0.13
if 0.13 < a < 0.321
if a > 0.321
The corrections K 1 and AK1 allow to fit the data and depend on the Reynolds number. It is
important to note that the dependence was only demonstrated at relatively low Reynolds numbers
(5.5- 104 to 1.5- 106). They are given by
-4.31 log(Re) + 156.3
-9.0 log(Re) + 181.6
128.5
if Re <
if 2.47 -
if Re >
AK 1 = { a[1.43log(R6;) - 5.29]
0
2.47- 105
105 <; Re < 8.0 - 105
8.0- 105
if Rej. < 5000i ~
if Re6; > 5000
Comparison of the Trailing Edge Noise Models
This section compares ANOPP's trailing edge noise model to the trailing edge self noise model by
Brooks et al. The airfoil used in the comparison is a NACA0012 airfoil of unit span. The angle of
attack is assumed to be zero and Mach number and the Reynolds number are varied between 0 and
0.25 and 105 and 5 - 107 respectively. The turbulent boundary layer displacement thickness of the
NACA0012 airfoil is used in the trailing edge self noise model. Note that the trailing edge noise
prediction modeling in ANOPP was scaled and fitted to aircraft data with the turbulent boundary
layer of a flat plate. Therefore, a turbulent flat plate boundary layer is used to model the turbulent
length scale in ANOPP's trailing edge prediction.
Figure 3-2 depicts the spectra obtained from the two prediction methods for a Mach number of
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(3.13)
Amin(a) {
Amax (a) =
(3.14)
(3.15)
(3.16)
(3.17)
Ki =
0.21 and the Reynolds number ranging from 7.4 - 10- to 4.9- 107. The spectral shapes are in good
01
102 l' 10
f
Figure 3-2: Comparison of ANOPP spectra and the trailing edge self noise spectra, for M=0.21 and different
Reynolds numbers, in 1/3 octave band.
agreement. Their slopes compare well at high and low frequencies except for high Reynolds numbers,
where the trailing edge self noise spectrum decreases faster with the frequency than the spectrum
predicted by ANOPP. The peak frequencies are also in good agreement, although ANOPP predicts a
peak frequency slightly higher than the trailing edge self noise model. In addition, ANOPP predicts
a peak SPL on the order of 2 to 5 dB higher than the trailing edge self noise. The difference in
noise magnitude between the two models is shown in Figures 3-3 and 3-4. The difference in OASPL
ranges between 1 and 6 dB and the difference in PNL ranges between 1 and 10 dB. ANOPP seems
to over predict trailing edge noise compared to the trailing edge self noise model, particularly at
high Reynolds numbers where the difference in PNL can be as high as 10 dB. The Mach number of
a large aircraft on approach is about 0.2 and the Reynolds number on the order of 108. For such
conditions, the difference in PNL between the two models can be as much as 9 to 10 dB. To validate
the trailing edge noise predictions at high Reynolds numbers, experiments for Reynolds numbers of
10 to 108 should be carried out. A possible explanation for the difference in noise level predictions
between the two models could be the underlying physics that each of the models capture. ANOPP's
trailing edge noise model was fitted to flyover data and could include others noise sources such as
lift discontinuities on the wing and other cavity noise. The trailing edge self noise model used small
scale two-dimensional airfoil models in a low-turbulence free stream, capturing trailing edge self
noise only. Therefore, the trailing edge self noise prediction model seems more relevant to capture
the noise radiated from a wing with a seamless trailing edge. In addition, the trailing edge self noise
model is based on the actual boundary layer displacement thickness of the airfoil and thus accounts
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for the boundary layer characteristics.
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Figure 3-3: Comparison of ANOPP and the Figure 3-4: Comparison of ANOPP and the
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In summary, the following can be concluded:
" ANOPP and the trailing edge self noise spectrum shapes are in good agreement, regarding the
peak frequency and their slope at low and high frequencies.
" ANOPP seems to over predict trailing edge self noise such that the model by Brooks et al. is
preferred to predict the trailing edge noise of a blended-wing body type airframe.
" The trailing edge self noise model takes into account physical drivers, such as the boundary
layer displacement thickness, the angle of attack and the Reynolds number. Provided that
these effects are validated for high Reynolds numbers, this model could be used to evaluate
non-conventional airframes.
3.2.2 Jet Noise Modeling
In order to predict jet noise during take-off, a simple prediction for the jet noise radiated from a
distributed propulsion system is required. The jet is exhausted through the trailing edge of the
aircraft, using a high aspect ratio nozzle. Thus, an accurate jet noise prediction model is needed for
the study of the noise radiated from a non-conventional aircraft. The jet noise model should predict
jet noise of single non-axisymetric jets, in particular for rectangular nozzles with high aspect ratio.
Three jet noise models are compared to determine which one is the most appropriate to predict the
noise of a non-axisymetric jet exhausted at the trailing edge of an aircraft. First, the Single Stream
Circular Jet Noise Module, the Stone Jet Noise Module and the jet noise model based on Tam et
al. [63] are presented. They are then compared to each other and the Stone Jet Noise Module is
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chosen as an appropriate jet noise prediction model. The Stone Jet Noise Module is accurate for
aspect ratios up to 8:1, as discussed in this section.
Single Stream Circular Jet Noise Model
The Single Stream Circular Jet Noise Module is based on ARP 876 [55] and employs empirical
data tabulated in terms of dimensionless groups to produce sound pressure levels as a function of
frequency and polar directivity angle. This method, reported in ANOPP Theoretical Manual [2]
includes flight effects by virtue of data from full-scale engines. The noise source considered is pure jet
mixing noise resulting from a hot core exhaust stream mixing with its surrounding environment. The
study of mixing noise provided a data base for jet noise prediction over a wide range of jet velocity
and temperature conditions. The mean square acoustic pressure is expressed in non-dimensional
form as
Ul*A. - 1 U*_-_M (9)
(p2)* D - F - M; cs( ( U ) (3.18)47r(r)2 1 - M.. cos(6 - J) ( Uj '
where * represent non-dimensional parameters. The acoustic power is
H* = 6.67- 10 5 (pj)w(Uj)8P(Uj), (3.19)
where w is an experimental density exponent function of Uj and P(Uj) is the deviation of the acoustic
power from the U8 law. A3 is the area of the jet and r is the distance to the observer. D is the
directivity function, which depends on the polar directivity angle 6 and the jet velocity Uj. The
spectral distribution F is an empirical function of the polar directivity angle 0, the jet velocity, the
jet temperature and the Strouhal number. The terms in brackets account for the forward flight
effects. The accuracy of the prediction of the SPL compared to experimental data is reported to be
± 3 dB (see ARP 876 [55] for more details).
Stone Jet Noise Model
ANOPP's Stone Jet Noise Model is based on the theory by Stone [57] and Stone at al. [58]. This
semi-empirical prediction models the effect of nozzle size, jet velocity, jet temperature and flight
effects. It includes predictions for coaxial nozzles, plug nozzles and slot nozzles. This section only
consider a single jet exhaust in order to compare this module to the other single jet noise models.
The mean square acoustic pressure can be expressed in non-dimensional form as
* Uf* A(p2)* = -D -F - H7 (3.20)4rr(r)2
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where * denotes again non-dimensional parameters. [I* depends on the jet velocity Ui, with a
dependence close to the power 7.5 for low jet velocities, the jet density and the polar directivity
angle 6. The function D(O, Uj) accounts for directivity. F is a spectral distribution function and
depends on the Strouhal number, 9 and Uj. H is the forward flight effect factor, function of the flight
Mach number, the polar directivity angle, the jet velocity, temperature and density. Compared to the
SAE method [55], better agreement with data is obtained at high velocities (higher than 520 m/s).
Also, the flight effects are based on theoretical considerations and comparisons show a standard
deviation of 1.5 dB for full-scale flight tests.
Tam's Jet Noise Model
In Tam et al. [63] and Tam and Zaman (4], jet noise sources were divided into large turbulence
structures/instability waves and fine scale turbulence. The database covered a Mach number range
of 1.37 to 2.24 and the ratio of jet temperature to ambient temperature ranged from 1 to 4.9. Two
similarity spectra were developed to fit the supersonic data obtained at NASA Langley. This data
was measured in high resolution narrow-band (122 Hz band). These spectra are defined as
5.64174 - 27.7472log(-),
1.06617 - 45.2994 log(f)+
21.40972 (log(f-) log( f),
-38.19338 (log(f) - 16.91175 (log(-),
2.53895 + 18.4 log(fL),
29.77786 - 38.16739log(Q-), if
-11.8 - 27.2523 + 0.8091863 log( f )+
14.851964 (log( ) log(f4 ), if
- [8.1476823+ 3.6523177log( f )] [] , if
2F f
1.0550362 + 4.9774046 log(L) , if
-3.5 + 11.874876 + 2.1202444log(2 )+
7.5211814 (log(?L/)) 2 log(ly), if
9.9 + 14.91126 log(J), if
if - > 2.5fL
if 2.5 > ± > 1
if 1 > -L > 0.5 (3.21)
if L < 0.5.
> 30
30 > - > 10
10 > f > 1
1 ;> - > 0.15
0.15 > f > 0.05
< 0.05.IF -
(3.22)
The spectrum F is associated with the large turbulence structures and was found to fit the data at
large polar directivity angles (in the aft sector). The second spectrum G, associated with a broad
peak for fine scale turbulence, fitted the data from small to normal angles from the jet axis. The
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10 log F(dB) =
10 log G(dB) =
empirical spectra, though developed for supersonic jets, were found to fit cold subsonic as well as
non-axisymetric jet noise spectra, as reported in Tam and Zaman [4] and Zaman and Tam [64]. The
subsonic 1/3 octave band spectra measured by Ahuja [53] were converted into narrow-band data
and are in good agreement with the spectra as shown in Tam et al. [63]. Moreover, experimental
studies presented in Tam and Zaman [4] showed that the radiated noise fields of some subsonic
non-axisymetric jets, such as elliptic and large aspect ratio rectangular jets (up to an aspect ratio
of 8:1) are practically the same compared to the one of a circular jet with the same exit area.
As reported in Tam [65], the jet noise spectrum may be expressed as
S [A -F( j) + B - G(--)](-), (3.23)fA fF r2
where D5 is the fully expanded jet diameter, fL and fF the large scale and fine scale structure peak
frequencies and r the distance to the source. A and B are the peak amplitudes, functions of the jet
velocity and jet temperature. For 9 = 1600 and B = 0, a good fit to the data is (in dB per Hz)
10log ( =75 + 4 6 + 10 log (- ), (3.24)
\Pref (O)0.3 ao
where
Tr
n = 10.06 - 0.495 -. (3.25)
TO
For 0 = 900 and A 0, a good fit to the data is (in dB per Hz)
B__ 19.3 V10 log( = 83.2 + 10 log -), (3.26)2e (lr-)0.62 ao
where
n = 6.4 + 1. (3.27)
The jet noise model by Tam, the Single Stream Jet Noise Model and the Stone Jet Noise Model are
quantitatively compared to each other in the next section.
Jet Noise Model Comparison
The differences between ANOPP's Single Stream Jet Noise Module, ANOPP's Stone Jet Noise
Module and the prediction by Tam are summarized in Table 3.1. The main differences are the level
of theoretical considerations involved in the prediction models, the flight effects and the frequency
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Jet noise model ANOPP Single Stream Jet
Noise Model
ANOPP Stone Jet Noise
Model
Jet Noise Model by Tam
Method SAE ARP876 [55] Stone [57], Stone and Tam [65], Tam et al. [63],
Montegani [58] Tam and Zaman [4]
Theory based on Lighthill Lighthill Lighthill
Small scale and large scale
turbulence
Parameters Jet area, velocity, temper- Jet area, velocity, temper- Jet area, velocity, temper-ature, density ature, density ature
Circular Circular, coaxial, plug Circular, non-axisymetric
Nozzle geometry nozzles, slot nozzles
Range of jet veloc- 460-750 m/s and high sub-
ity 120-800 m/s 120-880 m/s sonic velocities
Range of jet diame- 2.5012.8 cm (and full- 5.1-15.2 cm (cold jets), 3.9-9.1 cm
ters scale) 38.1 cm (and full-scale)
Range of jet tem- 300-1250 K 300-1600 K 288-1400 K
perature
Flight effects Yes Yes No
Directivity descrip- Empirical Empirical Fine-scale and large-scale
tion EmpiricalEmpirical_ Fine-scaleandlarge-scale
Spectrum 1/3 band spectrum 1/3 band spectrum Narrow-band spectrum
Table 3.1: Comparison between three different jet noise prediction methods.
spectra. The two similarity components are expressed in narrow-band spectra whereas ANOPP
predicts 1/3 band spectra.
Figures 3-5, 3-6, 3-7 and 3-8 depict the jet noise prediction for different jet Mach numbers and
jet diameters using the three models. The spectra are in good agreement and it seems that both the
Single Stream Module and the Stone Module capture the fundamental difference between small and
large scale turbulence. The small scale turbulence seems to be dominant for 0 = 90 and the large
scale turbulence seems to be dominant in the aft sector, for example when 0 = 150. The peak value
of the SPL is the same for the three models at small nozzle diameters, which is of the order of 10 cm.
For larger jet diameters, the peak SPL predicted by Tam is much smaller than the one predicted
by ANOPP. The differences in OASPL and PNL between the Stone noise prediction and the Single
Stream noise prediction are less than 1.4 dB. The differences in OASPL and PNL between the Stone
prediction model and the prediction by Tam are shown in Table 3.2 and can be explained as follows.
In ANOPP, for both the Single Stream Module or the Stone Module, the spectral function F is
normalized such that the summation over 1/3 octave Strouhal number equals unity:
F(St, 0, U5) = 1.
St
(3.28)
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In ANOPP, the OASPL (or the peak SPL in 1/3 band) is the parameter that scales with the jet
area, temperature and velocity. For example, one jet of area A and two jets of area 4 with the same
velocity and temperature radiate the same OASPL. In the prediction by Tam, it is the peak SPL
in narrow-band that scales with the physical parameters such as jet area, temperature and velocity.
For example, one jet of area A and two jets of area 4 have the same peak SPL in narrow-band
but at different peak frequencies, which implies that the two smaller jets of area A radiate a higher2
OASPL than the single jet of area A. This fundamental difference between the prediction models
could be further investigated to shed more light on the mechanisms of jet noise. Measurements
in narrow-band of the noise radiated by one jet of area A and one jet of area A with the same
velocity and temperature could be used to predict the evolution of the peak SPL. Without further
experimental investigation, ANOPP predictions are preferred due to the large data base used in
developing the correlations. The Stone Module is chosen because it includes a detailed description
of forward flight effects.
The Stone jet noise model was developed for circular nozzles. However, the predicted spectra
compare well to the similarity spectra developed by Tam and seem to be valid for jets exhausting
from rectangular nozzles with an aspect ratio up to 8:1. It seems therefore adequate to use ANOPP's
Stone Jet Noise Module to predict jet noise from rectangular nozzles of aspect ratio 8:1.
AOASPL AOASPL APNL APNL
at0=90" at9= 150' at9=900  at9=1500
M = 1.58, A, = 0.01 -0.5 -1.7 -0.8 -1.7
M, = 0.6, A= 0.01 5.2 1.1 6.6 2.1
My = 1.58, A, = 0.1 5.4 3.3 7.2 3.1
My = 0.6, A, = 0.1 10.7 6 15.3 7.1
Table 3.2: Difference between ANOPP's Stone Jet Noise Module and the jet noise prediction by Tam.
The main conclusions can be summarized as follows:
" The two similarity spectra developed by Tam are in good agreement with ANOPP's jet noise
modules regarding peak frequency and spectral shape at low and high frequencies.
" A fundamental difference between ANOPP's Single Stream Module, ANOPP's Stone Module
and Tam prediction is the choice of the noise metric that scales with the jet parameters:
OASPL is used in ANOPP, whereas peak SPL in narrow-band is used in the model by Tam.
" The Stone Jet Module is chosen as the noise prediction model in the jet take-off parametric
study. The model seems to capture the large scale and fine scale turbulence structures and
was fitted to experimental data over a wide range of test conditions. It also includes a detailed
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Figure 3-7: Comparison of the jet noise pre-
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Figure 3-8: Comparison of the jet noise pre-
dictions, for M=0.6 at Aj=0.1.
prediction of flight effects. The validity of this prediction based on circular jets can be extended
to rectangular jets with aspect ratios up to 8:1 using the results by Tam and Zaman [4].
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Chapter 4
Preliminary Evaluation of Aircraft
Noise Reduction with Seamless
Lifting Surfaces
4.1 Preliminary Study Based on Experimental Data
If flaps and slats are retracted during approach, approach noise is reduced. Even in clean config-
uration an aircraft radiates airframe noise due to cavities formed by the complex geometry of the
high-lift system. A seamless wing eliminates the remaining lift discontinuities and increases the
potential noise reduction benefits. This chapter attempts to quantify the potential noise reduction
benefits of such configurations.
A back-of-the-envelope calculation using experimental data is conducted to assess the potential
noise reduction benefits of an aircraft in clean configuration. It is assumed that all airframe noise
sources have the same directivity pattern and velocity dependence as the trailing edge noise. The
problem of quietly generating the additional lift and drag traditionally rendered by flaps and slats on
approach is not addressed in this chapter. The silent drag requirements to maintain a large aircraft
on its approach profile constitute a technological barrier to the functionality of the silent aircraft.
A quantitative study of the silent drag requirements is conducted in Section 5.2.
Fink [49] reports noise measurements of large aircraft such as the B747 during flyovers in clean
configuration and approach configuration. This data set is available in maximum OASPL and SPL
during flyovers. Crighton [33] also reports flyover noise measurements for different aircraft in clean
configuration, available in maximum OASPL during flyover. The two data sets are used to evaluate
airframe noise during approach. To compare these two data sets, the altitude of a flyover on which an
57
aircraft radiates the same maximum OASPL as an aircraft on a standard approach profile needs to
be determined. This is discussed in Section 4.1.1. Then, Section 4.1.2 evaluates the noise reduction
associated with an approach in clean configuration compared to standard approach configuration.
Section 4.1.3 assesses the noise benefits of an aircraft configuration with simplified flap and slat
mechanisms, reducing lift discontinuities using a wing with a seamless trailing edge.
4.1.1 Deduction of Approach Noise from Flyover Noise Measurements
The goal of this section is to determine how to deduce approach noise levels from flyover noise
measurements. The experimental data is available in maximum values of OASPL and/or SPL during
flyovers at altitude h. On a standard approach profile, the aircraft flies on a 3 degree glide slope and
reaches the threshold of the runway at an altitude of 15.2 m. In order to compare the two data fits,
the altitude h is evaluated for which an aircraft on a flyover radiates the same maximum OASPL as
if it was on a standard approach. The assumptions are that the aircraft main axis is horizontal in
both cases, and that the directivity of the cumulative airframe noise on approach is similar to the
trailing edge noise directivity. Doppler factors are also taken into account. The directivity function
is defined as
cos2(1)
C(M, r, 0) = (4.1)r 2 (1 - M cos(6)) 4 '
where M is the flight Mach number, r is the distance to the observer, and 0 is the polar directivity
angle, as sketched in Figure 4-1. For a standard approach profile, the observer is located at a distance
of 2000 m before the threshold of the runway.
h r
runway
Observer (-2000 m) (0)
Figure 4-1: Directivity parameters.
For a given flight path, r and 0 are interdependent from one another. For example, h = r sin(6)
on a flyover such that the directivity Cf (M, r, 0) during a flyover at altitude h becomes
cos2 arcsin(?)Cf (M, r, h) = 2(1 . (4.2)
r2(1 - M cos(arcsin($)))4
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The directivity function during a standard approach only depends on the flight Mach number M
and the distance r and is denoted as Ca(Mr). The maximum values of Cf and Ca are identified
by differentiating these expressions with respect to r. Then, the flyover altitude h for which the
maximum values of Cf and Ca are equal is found by solving
Cf (M, h) = Ca (M) .max (4.3)
For example for M = 0.235 (ie an approach velocity of 80 m/s, representative for a large aircraft)
this flyover altitude h is 124.4 m. In summary, this study shows that the maximum value of airframe
noise during approach can be approximated by the maximum value of noise radiated on a flyover at
altitude 124.4 m for the same flight Mach number 0.235.
4.1.2 Assessment of Airframe Noise Reduction during Approach for Air-
craft in Clean Configuration
Next, the approach noise reduction that can be achieved if a large aircraft approaches in clean
configuration instead of a "dirty" configuration is evaluated using experimental data and simple
scaling laws. The trailing edge noise dependence on log(L!), where S is the wing area and U the
flight velocity is used to scale the flyover measurements. This scaling law is also used to quantify
airframe noise in approach configuration, as suggested by the scaling laws used in ANOPP's Airframe
Noise Module.
In this analysis, experimental measurements of the maximum OASPL and SPL radiated from a
"Large Quad" (Boeing 747) in clean configuration and in "dirty" configuration are used as reported
in [49]. The velocity and the altitude of the flyover in clean configuration are 233 kt (120 m/s) and
500 ft (152.4 m) respectively. The velocity of the flyover in "dirty" configuration is 197 kt (101.4
m/s) and the altitude is 500 ft. The approximation
OASPL oc 10 log U (4.4)
is then used along with the experimental data to evaluate the maximum noise values during a
flyover at altitude 124.4 m and velocity 80 m/s. For example, with a clean airframe configuration,
the maximum OASPL on approach is equivalent to
OASPL(h = 124.4 m,U = 80 m/s) max = OASPL(h = 152.4 m,U = 120 m/s) max
80 152.4
+ 50 log( ) + 20 log( ). (4.5)120 124.4
The maximum OASPL and SPL during approach for the two configurations are estimated. The
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PNL are then calculated from the corrected SPL and the results are shown in Table 4.1. This study
suggests that the maximum PNL during approach can potentially be reduced by 12.2 dB if flaps
and slats are retracted on approach.
Flyover Noise B747 Clean, 120 m/s Flaps 250, gear down, 102.4 m/s
OASPL h=152.4 m 93.7 dB 101.8 dB
Noise on Approach Clean, 80 m/s Flaps 25', gear down, 80 m/s A
OASPLI h=124.4 rn 86.7 dB 98.4 dB 11.7
PNL h=124.4 rn 97.4 dB 109.6 dB 12.2
Table 4.1: Comparison of the noise radiated by a B747 in clean and
flyover and approach.
in approach configuration during
4.1.3 Assessment of Approach Noise Reduction for Blended-Wing Body
Type Aircraft
120 -
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Figure 4-2: Airframe noise (maximum OASPL for clean configuration at flyover altitude h) normalized for
wing area S. Solid lines correspond to the U5 variation predicted by the trailing edge noise theory.
(From Crighton [33])
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Even though flaps and slats are retracted in clean configuration, there are still lift discontinuities
and cavities due to clearances between the different elements of the wing that radiate noise. That is
why aircraft with simple flap mechanisms and sailplanes radiate less airframe noise than jet aircraft
of the same size. The approach noise reduction benefits of eliminating flaps and slats to obtain a
seamless wing are assessed in this section using experimental data and simple scaling laws.
Figure 4-2 presents flyover airframe measurements for a number of different types of aircraft
from high performance sailplanes to heavy jet aircraft. The maximum OASPL corrected by the
wing area S and the distance h is plotted as OASPL - 10 log( S ) against the flyover velocity on
a logarithmic scale. Different lines can be drawn on this chart, corresponding to different types of
aircraft. High-performance sailplanes lie on a line 8 dB lower than conventional low-speed aircraft
and 4 dB lower than jet aircraft. The high performance sailplane "Prue-2" lies on a line 6 dB lower
than other sailplanes and is used to represent low-noise sailplanes. In order to evaluate approach
noise, the flyover altitude and velocity are set again to 124.4 m and 80 m/s respectively, as discussed
in Section 4.1.1. The "Large Quad" aircraft wing span and mean chord are set to 59.6 m and 8.6 m
respectively, which corresponds to the wing of the B747. In Figure 4-2, the jet aircraft airframe
noise evaluation yields an OASPL of 84.8 dB. Using the same scaling, a low-noise sailplane of the
same wing area would radiate an OASPL of 74.8 dB. This suggests that a potential noise benefit
of 10 dB (in OASPL) could be achieved using a wing with a seamless trailing edge. In order to
obtain the perceived noise level (PNL), a semi-empirical spectrum is used. Fink [49] and Crighton
[33] report a spectrum that was obtained by curve fitting trailing edge noise data. This spectrum
function is defined in 1/3 octave band as
SPL1/ 3 = OASPL + 10 log 0.613(J)4 ( )3/2 + , (4.6)fm fm 2
where fm denotes the peak frequency. This spectrum is used for both the B747 in clean configuration
and the hypothetic sailplane of the same wing area. The difference between the PNL of the two
airframe noise levels then becomes 10.4 dB. Table 4.2 summarizes these results. In Section 4.1.2,
the potential noise reduction in OASPL and PNL of an approach in clean configuration compared
to a "dirty" configuration was predicted to be 11.7 dB and 12.2 dB respectively . If the remaining
lift discontinuities of clean configuration aircraft are suppressed, an additional potential reduction
of 10 and 10.4 dB in OASPL and in PNL are suggested by this study. The potential noise reduction
of an aircraft with no lift discontinuities compared to an aircraft in "dirty" configuration then yields
a 22.7 dB reduction in OASPL and a 22.6 dB reduction in PNL.
This preliminary study suggests that replacing a conventional aircraft by a seamless blended-wing
body type aircraft has a potential approach noise reduction of approximately 20 dB. Therefore, it
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B747 Clean Configuration Hypothetic Sailplane A
OASPL 84.8 dB 74.8 dB 10
PNL 89.9 dB 79.5 dB 10.4
Table 4.2: Comparison of the noise radiated by a B747 and a sailplane of the same size.
seems that the BWB has promising potential noise reduction benefits and will be used as the baseline
airframe in Chapter 5.
Next, a more sophisticated tool is used to assess potential noise reductions of quiet lift concepts.
4.2 Airframe Noise Predictions Using ANOPP
NASA's Aircraft Noise Prediction Program (ANOPP) includes an airframe noise module accounting
for noise radiation due to flaps, slats, landing gear, horizontal and vertical tail and wing trailing
edge. The prediction methods are based on the trailing edge noise theory and are fitted to flyover
noise data. The objective of this section is to use a more sophisticated tool to predict potential
noise benefits associated with the quiet lift concepts, to validate ANOPP against experimental data
and a prediction by Boeing. Noise on approach of different aircraft configurations is predicted using
ANOPP, and the results are compared to the results of Section 4.1 and to approach noise predictions
by Rack et al. [71].
4.2.1 Comparison to Experimental Data
The back-of-the-envelope calculation of Section 4.1, based on simple scaling of experimental flyover
data is now processed with a more sophisticated prediction tool, ANOPP. In a similar approach to
the one of Section 4.1, three types of configurations are considered: a B747 in approach configura-
tion, a B747 in clean configuration and a sailplane of the same wing area. The aircraft geometry
and configurations used to model the B747 are summarized in Tables 4.3 and 4.4. Publicly available
data was limited and assumptions on the landing gear and flap characteristics had to be made.
In approach configuration, the landing gear is deployed and flaps are fully extended (60 degree
setting). The clean configuration is modeled by assuming that airframe noise mainly originates from
the wing trailing edge. In the case of the hypothetic sailplane, the method implemented in ANOPP
subtracts 8 dB from the wing trailing edge OASPL. Atmospheric absorption and ground reflection
are included. In this analysis, a standard approach at 80 m/s is considered. The resulting airframe
noise on approach is quantified in EPNL, maximum PNL and maximum OASPL and the results
are reported in Table 4.5 for the aircraft in approach configuration, clean configuration, and the
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Assumed Parameters
Availale Data , tire diameter of main landing gear, ~ 1.17 m
wing area, A = 511 m 2  tire diameter of nose landing gear, ~ 1.17 m
wing span, b = 59.6 m main landing gear strut length, ~ 3 m
horizontal tail area, ANt = 136.4 mz nose landing gear strut length, ~ 3 m
horizontal tail span, bht = 22.2 m number of wheels per main landing gear, 4
vertical tail area, Avt = 64.4 m 2  number of wheels per nose landing gear, 2
vertical tail span, bvt = 10 m number of slots per trailing edge flap, 3
number of main landing gears per aircraft, 4 flap area, Af = 78.7 m 2
number of nose landing gear per aircraft, 1 flap span, bf = 34.2 m
Table 4.3: B747-400 geometry, from [72]. Table 4.4: Assumed landing gear and flap pa-
rameters of a B747-400.
B747 Sailplane Clean configuration Approach Configuration A
OASPL 79.8 dB 87.8 dB 95.7 dB 15.9
PNLO 81.3 dB 89.9 dB 101.7 dB 20.4
EPNL 75.9 dB 84.5 dB 95.7 dB 19.8
Table 4.5: Comparison of predicted noise levels from ANOPP.
hypothetic sailplane. Similarly to the result of the last section, a potential noise reduction of 20.4 dB
in PNL is suggested when high-drag devices are eliminated compared to "dirty" configuration. The
results are also in relatively good agreement with the maximum OASPL presented in Table 4.1, even
though they seem to underestimate the maximum PNL for the clean and approach configurations.
For example, the maximum PNL during approach for a B747 in approach configuration is predicted
to be 101.7 dB using ANOPP, whereas the extrapolated flyover data suggested 109.6 dB. This
difference may be due to unknown geometric characteristics of the B747, the lack of accuracy in
the experimental data extrapolation, or the prediction method used in ANOPP. The results show
discrepancies in the predicting of absolute noise levels. In order to validate ANOPP's absolute noise
prediction level, approach noise levels obtained with ANOPP on approach are compared to a noise
prediction method developed by Boeing and reported in Rack et al. [71].
4.2.2 Comparison to Boeing
Rack et al. [71] developed a prediction method where airframe noise components are predicted
taking into account geometry as well as aerodynamic parameters . Airframe noise for a B747 in
approach configuration is computed with ANOPP and compared to Boeing's prediction by Rack et
al. The approach PNL signature predicted by Boeing and by ANOPP are shown in Figure 4-3. Even
though ANOPP predicts an EPNL of 95.7 dB, 3.5 dB lower than Boeing's prediction, the shapes of
the curves are in good agreement. This difference could be due to the assumed B747 geometry, which
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may be different in the two predictions. The discrepancy was also due to the prediction methods,
which were fitted to different data sets and used different scaling laws. For example, aerodynamic
coefficients were used in the Boeing prediction whereas ANOPP used standard trailing edge scaling
laws.
The difficulty to predict absolute noise levels suggests to compare noise levels in a relative basis.
A reasonable reference value for airframe noise is needed to obtain an evaluation of potential noise
reductions. Since the trailing edge self noise model used to assess potential noise reductions was
validated with ANOPP in Section 3.2.1, the approach noise predicted with ANOPP for a traditional
approach is taken as reference in the next chapter. The reference approach noise level is 95.7 dB
EPNL.
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Figure 4-3: Large Aircraft noise signature during approach - Boeing noise component method by Rack et al.
[71] and ANOPP airframe noise predictions. The maximum PNL occurs at time t = 0.
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Chapter 5
Analysis of Quiet Lift Concepts on
Approach
5.1 Parametric Study of Trailing Edge Noise Radiated from
an Aircraft Wing on Approach
Quiet lift concepts such as a smooth wing with no lift discontinuities appear as promising noise
reduction concepts as discussed in the preliminary study of Chapter 4. A back-of-the-envelope
calculation suggests an airframe noise reduction of 20 dB in EPNL during approach. It is desired
to refine this preliminary analysis and to more accurately estimate the potential noise reduction
associated with a smooth wing. It is suggested that the minimum noise radiated on approach by a
flying wing corresponds mainly to trailing edge self noise. In this section, the trailing edge self noise
radiated by a flying wing on approach is predicted and analyzed assuming that the required drag is
produced in quiet ways and available to balance the force equations. Silent drag requirements are
studied separately in Section 5.2.
This section focuses on noise reduction benefits of quiet lift concepts. The effects of approach
speed, glide slope and aircraft size on the airframe noise radiated on approach are investigated. For
a given approach profile, wing self noise in SPL is evaluated using the trailing edge self noise model
developed by Brooks et al. [3], combined with a boundary layer analysis and a quasi 3D approach.
The sound pressure levels are then propagated using ANOPP and the data is processed to obtain
an overall noise level in EPNL.
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5.1.1 Methodology
On a standard approach profile, aircraft fly over the threshold of the runway at an altitude of 50
ft (15.2 m). In the assessment of advanced concepts, the standard glide slope angle 9 of 3 degrees
becomes a free parameter that can be chosen between 3 and 12 degrees. Depending on the angle of
attack, boundary layer separation might occur and has to be avoided. The steady approach profile
is set by the glide slope angle 9 and the approach velocity U0 , which can range from 65 to 100 m/s.
For reference, the maximum landing speed of the baseline BWB reported in the CCD2 report [6] was
set to 150 knots (77.2 m/s). For a given aircraft weight, the lift is deduced from the aerodynamic
force balance
L = mg cos(0), (5.1)
which yields in non-dimensional form
mg cos(9)
C1(a) = . (5.2)
Then, the angle of attack is deduced from lift coefficient tables C(a) for the BWB reported in
the CCD2 report [6]. In this study, a rubber aircraft is considered such that the non-dimensional
aerodynamic performance is kept constant and only the aircraft size is scaled. To characterize the
size of the aircraft, a coefficient k = A proportional to the baseline wing area A0 is defined such that
k is 1 for the full-scale BWB baseline airframe. For example, k = 0.5 represents a half scale aircraft
with A = 0.5 - A 0 . This size factor was chosen to take into account the traditional dependence
of airframe noise on the wing area. The definition of the coefficient k implies that lengths scale
with vx/, and volumes scale with k. The values of the BWB parameters used in this analysis are
summarized in Table 5.1.
Uo (m/s) 65 to 100
0 (degrees) 3 to 12
k 0.5 to 1
m (kg) 303912
Ata, (M2) 728
Ct, 0.125
CIO 0.125
Cd From cruise polar
b, c 28 sections of chord c and span b
6p, 6, From IBLT calculations using Xfoil
Table 5.1: Inputs for parametric study of approach noise, full-size aircraft.
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Trailing edge noise levels are predicted using the model based on Brooks et a. [3] that depends on
Reynolds number, angle of attack, airfoil chord, wing span and the local boundary layer momentum
thickness. A quasi 3-D approach was adopted by dividing the BWB airframe in 28 sections with
locally constant profiles. The sections have no flaps, no slats and faired trailing edges, and are
subject to a spanwise twist. The 28 cross-sections are depicted in Figure 5-1. The boundary
layer characteristics of each section was computed using interacting boundary layer theory (Xfoil),
described in more detail in Drela [73]. Local Reynolds numbers, based on the chord of each cross-
section, angles of attack a and flight Mach number MO were accounted for in the boundary layer
calculations. The calculations showed that the flow was attached over the entire span, for angles of
attack up to 12 degrees.
Figure 5-1: BWB sections used in the trailing edge prediction method.
ANOPP was used to propagate the SPL noise predictions to the far field, including effects of
atmospheric absorption. The noise measurement point for an approach profile, defined by the FAR
at 6,562 ft (2,000 m) from the threshold on the extended centerline of the runway, was used as the
observer location for EPNL calculations.
5.1.2 Results
Approach trailing edge noise of the BWB wing was calculated for a set of approach velocities Uo,
glide slope angles 9 and size factors k. Figures 5-2, 5-3 and 5-4 depict the influence of the approach
velocity Uo, the glide slope angle 9 and the size factor k on the EPNL radiated from the trailing
edge of the seamless BWB wing. In summary, the EPNL increases strongly with the approach
velocity, due to the noise dependence on U5 , decreases with the glide slope angle, due to shielding,
and increases slightly with the size of the aircraft, due to the dependence on the wing area.
The effect of approach velocity on airframe noise radiated on approach, is depicted in Figure
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Figure 5-2: Effect of approach velocity on trail- Figure 5-3: Effect of glide slope angle on trail-
ing edge noise in EPNL, for different ing edge noise in EPNL for different
glide slope angles and size factors approach velocities and size factors
k=1 and k=0.5. k=1 and k=0.5.
5-2. When the approach velocity increases from 65 m/s to 100 m/s, the approach EPNL increases
by 8.7 to 10.6 dB, depending on the glide slope angle and the aircraft size. Since 50log( 1O) = 9.4,
this increase corresponds to a dependence on U5, with a difference probably due to the frequency
dependence, the duration of noise exposure reflected in EPNL and propagation effects. The decrease
of EPNL with steeper glide slope angles is shown in Figure 5-3. This effect can be explained using
geometrical arguments: with steeper approach profiles, aircraft noise is shielded. Compared to the
effect of the approach profile, the impact of k on airframe noise is much smaller. Figure 5-4 shows
that for any value of approach glide slope angle and approach velocity, the EPNL increases by less
than 2 dB when the size factor is doubled. The mean square pressure associated with trailing edge
noise is proportional to the span multiplied by the boundary layer thickness as shown in Equation
2.3. This means that trailing edge noise is proportional to the wing area A. Accordingly, flyover
measurements shown in Figure 2-10 are normalized by the wing area. Lilley [74] also predicts the
airframe noise intensity of "clean aircraft" to be proportional to the wing area and reports good
agreement with experimental data. One can then expect the trailing edge SPL to be reduced by 3
dB when the wing area is reduced by a factor of two. However, the size factor k accounts for various
effects such as the wing span, the boundary layer thickness and the angle of attack. These additional
effects are taken into account and decrease the noise reduction associated with a half scaled aircraft
to 1 to 2 dB. The lift coefficient can be written as
mg Cos (0) p logco(0 lk(53C = Cia+Ci 0 - c -a2 cos(9)v k , (5.3)
"pAUJ pU2
where lo = V, Vo is the volume of the full-scale aircraft, Ao is the full-scale aircraft wing area andA0 I
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Figure 5-4: Effect of size factor k on trailing Figure 5-5: Calculated aircraft angle of attack
edge noise in EPNL, for different a p- as a function of approach velocity,
proach velocities and glide slope an- aircraft size factor k for different
gles. glide slope angles.
p is a mean aircraft density supposed constant. This equation implies that the angle of attack is
proportional to vx1 -. Thus, for a given approach velocity U0 and glide slope angle 9, the angle of
attack a increases with the size of the aircraft, inducing a decrease in EPNL due to the directivity
of the trailing edge noise. Another more physical reason is the shift in peak frequency to higher
values when the aircraft size is reduced. For a given velocity, the peak frequency, which is based on a
constant value of the Strouhial number f ,is inversely proportional to the boundary layer thickness
6. For large aircraft sizes, the boundary layer momentum thickness becomes thinner which increases
the peak frequency, shifting it into a region where the PNL weighting is relatively high (1 to 5 kHz).
In order to derive a simple expression of the approach noise, the independent parameters need
to be identified. The results suggest that approach velocity Uo, glide slope angle 9 and size factor k
are three independent parameters that can be used to fit the data to a multiplicative prediction law
of the form
EPNL = A - UO6k-. (5.4)
The exponents a, 3 and -y are determined using independent data fits such that
log(EPNL) = a log(Uo) + [log(A) + #log(9) + -y log(k)]. (5.5)
For a range of independent variables of 65 < Uo < 100, 3 < 9 < 12 and 0.5 < k < 1, the constant
A, a, 3 and -y become A = 16.07, a = 0.3578, 3 = -0.0981 and -y = 0.0175. Compared to the
data, this simple description of trailing edge noise during approach yields a maximum error of 1.4
dB with a mean deviation 0.3 dB. The above simple description shows the strong effect of changes
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in Uo, and the almost negligible effect of the aircraft size:
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Figure 5-6: Contours of EPNL dB as a function of aircraft size and approach profile.
The values of airframe noise obtained in this analysis correspond to a maximum achievable
airframe noise reduction during approach using quiet lift concepts. This minimum potential noise
is 68.5 dB for the EPNL of the full-size aircraft on a 3 degree glide slope approach path with an
approach velocity of 80 m/s. ANOPP's prediction of total airframe noise for a large aircraft in "dirty"
configuration on approach is 95.7 dB, as predicted in Section 4.2. Compared to this reference value,
this analysis suggests an optimistic prediction of potential noise reduction of 27.2 dB, when quiet lift
concepts are applied. By increasing the glide slope angle to 9.5 degrees, and setting the approach
velocity to 75 m/s, the trailing edge self noise can potentially be reduced to a noise level of 60 dB
EPNL. Figure 5-6 shows contours of equal EPNL. The region on the upper left corner corresponds
to approach noise levels lower than 60 dB. Such low values of EPNL can only be obtained with low
approach velocities and very steep glide slope angles. Such approach profiles could cause potential
problems with current air traffic control procedures.
The main conclusions of this parametric study are:
eApproach velocities and glide slope angles have a strong effect on the approach EPNL. The
size of the aircraft has less effect on approach EPNL: a half scaled aircraft radiates about 1-2
dB in EPNL less than its full size counterpart.
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* An optimistic noise reduction of 27.2 dB EPNL can be obtained if conventional airframes are
replaced by smooth blended-wing body type aircraft with no lift discontinuities. An additional
reduction of more than 8 dB can potentially be achieved with steep glide slope angles. However,
approach profiles with low velocities and steep glide slope angles can cause potential problems
with current air traffic control and increase silent drag requirements as will be shown next.
One assumption that was made in this study is that the drag required to maintain the aircraft
on its approach path can be generated in quiet ways. The next section discusses the silent drag
requirements quantitatively.
5.2 Estimation of Silent Drag Requirements for a Silent Air-
craft on Approach
5.2.1 Methodology
The potential to substantially reduce individual component noise invariably leads to a reduction in
drag. This suggests that one of the most critical tasks in noise reduction is to develop techniques to
increase airframe drag in quiet ways. Thus, the first step towards developing silent drag concepts
is to determine how much drag needs to be generated silently if quiet lift concepts are used. This
section discusses the drag requirements for a silent aircraft. The effect of aircraft weight, approach
speed and glide slope on required drag are investigated. The aerodynamic drag of an aircraft in
clean configuration is compared to the drag required to keep the aircraft on a specified glide slope.
The following analysis is limited to approach and landing. The baseline BWB airframe reported
in Blended-Wing-Body Configuration Control Document CCD2 [6] is used in this analysis. Thrust
forces stemming from the propulsion system are neglected in the aerodynamic force balance. Effect
of wind during approach are also neglected. Figure 5-7 depicts the aerodynamic forces for a silent
aircraft on approach.
The force balances in the aerodynamic direction xa, and in the direction ya perpendicular to xa
are
Dr = mg sin(0), (5.7)
L = mg cos(9). (5.8)
Equation 5.7 describes the drag required Dr to keep an aircraft of weight mg on a glide slope of
angle 0. Equation 5.8 is used to determine the required angle of attack for a given glide slope angle
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Figure 5-7: Aerodynamic forces for a silent aircraft on approach.
9 and approach velocity Uo, using the lift coefficients C1 (a) reported in [6] such that
1
L = 1pAU 2C, (a) = mg cos(O). (5.9)2
Next, the aerodynamically produced drag D, of the aircraft in clean configuration is estimated using
the drag polars reported in [6] and the lift coefficients obtained from the above equation:
Cd = 0.067C12 - 0.0343C + 0.0362. (5.10)
For a given aircraft size and specified approach velocity, the aerodynamically produced drag is
.D = pAU2Cd(a). (5.11)
Calculations were conducted for approach velocities ranging from 65 m/s to 100 m/s, glide slope
angles ranging from 3 degrees to 12 degrees and aircraft sizes ranged from half scale to full-scale. The
aerodynamically produced drag and the required drag are depicted in Figure 5-8 in non-dimensional
form, where drag quantities are divided by pAU2 , such that:
P Dr
Cd = =p'  Cd (a), (5.12)p AU 2
D, 
_ mg sin(0) = 2 sin(O)" "l vrk. (5.13)
d &pAU2 IpAU2 pU(
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lo = E, V is the volume of the full-scale aircraft, AO its wing area and p a mean aircraft density
supposed constant.
0.3 - _ _ _ _ Approach velocity U0=65
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Figure 5-8: Coefficients of aerodynamic drag and required drag D on approach as a function of
rIpAU
2 adrq pU
a glide slope angle 0 for different size factors k and approach velocities Uo.
5.2.2 Results: the Silent Drag Requirements
The non-dimensional difference between the required drag Dr during approach and the aerodynam-
ically produced drag D, in clean aircraft configuration is denoted ACd = D-D and indicates how
much additional drag needs to be generated in a quiet manner to keep the aircraft on a specified
glide slope. Figure 5-9 depicts the net silent drag requirement in non-dimensional form AC .
The results indicate that net silent drag needs to be generated for all glide slope angles at the
exception of the full-scale aircraft on a 3 degree glide slope at low velocity. For glide slope angles
shallower than 5 degrees, the net silent drag is only slightly dependant on the approach velocity and
the aircraft size. For glide slope angles steeper than 9 degrees, small aircraft require relatively less
silent drag than larger aircraft. For example, a half scale aircraft on a 12 degree glide slope angle
requires about 45 % less drag compared to a full-scale aircraft approaching at 65 m/s.
The non-dimensional net silent drag ACd appears to increase significantly with the glide slope
angle, particularly at low approach velocities such as 65 to 80 m/s. Note that the minimum silent
drag requirement occurs for high velocities and shallow glide slope angles, whereas airframe approach
EPNL is reduced for low velocities and large glide slope angles. This suggest that a trade off between
noise emission and silent drag requirements needs to be made depending on the glide slope angle.
This is discussed next.
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Figure 5-9: Coefficient of silent drag required ACd on approach as a function of the approach velocity, for
different glide slopes 0 size factors k.
5.2.3 The Effect of Aircraft Size on Noise Emissions and Drag Require-
ments
Reducing the size of the aircraft has beneficial effects on both silent drag requirements and approach
noise. The effect of aircraft size on trailing edge noise is relatively small. However, it seems that
aircraft size has a large impact on the silent drag requirements. Figure 5-10 shows the approach
EPNL and the silent drag requirement for contours of constant size factor k and glide slope angle
0 for 2 approach velocities. The net silent drag becomes more sensitive to the aircraft weight when
the approach velocity is decreased and the glide slope angle is increased. It is interesting to compare
the silent drag requirements for a fixed EPNL of 60 dB and approach velocity of 75 m/s. The
coefficient of silent drag for the full-scale aircraft needs to be at least 0.15 versus 0.8 for the half-
scale aircraft. This indicates that even though airframe noise reductions are less sensitive to aircraft
size than approach velocity, reducing the aircraft size may be necessary to reduce the silent drag
requirements.
In order to achieve an approach airframe noise level of 60 dB EPNL, the amount of silent drag
necessary to maintain the full-scale aircraft on its glide slope with a velocity of 75 m/s is 3.2 10'
N. This is equivalent to the maximum thrust produced by one of the BWB engine as reported in
[6]. This also corresponds to 24 MW of energy that needs to be dissipated quietly. For a half scale
aircraft, the glide slope angle becomes 8 degrees if the same approach noise level of 60 dB EPNL is
to be maintained. The silent drag requirements however are reduced by more than 50 % and yield
1.4- 105 N.
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Figure 5-10: Effect of aircraft size and glide slope angle on EPNL on approach and coefficient of silent drag
required with an approach velocities of 65 and 75 rn/s.
In summary, the following can be concluded regarding the drag requirements for a silent aircraft:
" The silent drag required on approach increases with the glide slope angle, decreases with
aircraft size and approach velocity, particularly at high glide slope angles 0.
" For the same noise emissions on approach, a half scale aircraft requires less than half as much
silent drag as a full-scale aircraft.
" At an approach level of 60 dB EPNL, the amount of silent drag required to maintain a full-scale
BWB type aircraft on a glide slope angle of 9.5 degrees at an approach velocity of 75 m/s is
equivalent to the full thrust produced by one of its three engines.
This study shows that airframe noise reduction inherently increases the silent drag requirements.
In particular, it may limit the potential approach noise reduction that could be achieved with
steeper approach glide slopes, especially for large aircraft of the size of the BWB. Further reductions
in trailing edge noise are then necessary to reduce noise emissions on approach. This is investigated
in the next section using a hidden trailing edge.
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5.3 Quantification of Airframe Noise Reduction Using Bound-
ary Layer Ingestion - A Hidden Trailing Edge
If the landing gear is deployed very close to the ground and the wing tip noise is reduced with using
winglets, trailing edge noise remains the dominant noise source on approach. To further reduce
noise emissions on approach, a treatment of the trailing edge appears necessary. The mechanism
of trailing edge noise was discussed in Section 2.3.2 and suggests that trailing edge noise could be
attenuated by ingesting the turbulent boundary layer before it is scattered at the trailing edge.
One way to ingest the boundary layers on the airframe is to introduce a "hidden trailing edge". If
the propulsion system is embedded in the airframe and distributed along the span, the boundary
layer upstream of a mail slot inlet could be ingested by the engines. In this section, the benefits
of a "hidden trailing edge" on trailing edge noise during approach are quantified. The effect of the
spanwise extent of boundary layer ingestion is investigated.
If the boundary layers of the lifting surfaces are ingested, the remaining noise source is the
trailing edge noise emanating downstream of the engines and from the wing tips, where boundary
layers develop. The airfoil self noise model by Brooks et al. [3] is used to predict trailing edge noise.
This noise is propagated to the far field using ANOPP. The study is limited to the case where the
aircraft is on a 10 degree glide slope with an approach velocity of 75 m/s. Due to propagation effects,
the results change if other approach profiles are considered.
xo...
b/2
Figure 5-11: Silent aircraft with boundary layer Figure 5-12: Simplified airframe geometry used
ingestion. for noise prediction with boundary
layer ingestion.
A delta wing model of span b, center chord x0 and area A = b 0 is used to approximate the
BWB baseline airframe, as shown in Figures 5-11 and 5-12. The center chord x0 is chosen such
that the delta wing is equal to the wing area of the baseline BWB. The impact of boundary layer
ingestion on trailing edge noise is assessed with a flat plate boundary layer analysis. The model
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assumes a spanwise mail slot that ingests boundary layer flow upstream of the slot. Trailing edge
noise predictions include the effect of the shaded region in Figure 5-13, which is where boundary
layers downstream of the mail slot and near the wing tips develop. The span b is 85.3 m (280
ft) and the center chord Xo is 33 m (10 ft). The length of the embedded engines is assumed to
be 4 m (1.2 ft). If the total mail slot length LO represents the length over which boundary layer
X 0
Lo
Iie
b
Figure 5-13: Simple flat plate wing with boundary layer ingestion used to predict trailing edge noise (shaded
over boundary layer fluid scattered at the trailing edge).
flow is ingested, Lo = 0 corresponds to the case with no boundary layer ingestion and is taken as
reference to compare the noise reduction benefits of boundary layer ingestion. Figure 5-14 depicts
the reduction in trailing edge noise with boundary layer ingestion as a function of mail slot length.
The results indicate that reductions in trailing edge noise increase with mail slot length and that the
trailing edge noise can be reduced by as much as 4 dB in EPNL when all upstream boundary layer
flow is ingested. This benefit in noise reduction can be explained by a shift in peak frequency of
the trailing edge noise spectrum. With boundary layer ingestion, the boundary layer thickness near
the trailing edge is reduced due to the decreased effective length over which boundary layers can
develop. Since the peak Strouhal number St = L is approximately constant, the peak frequency
shifts into a region where the PNL weighting is relatively high.
In addition to the noise reduction benefits on approach trailing edge noise, boundary layer in-
gestion also has an impact on performance, in particular on flight range. An analysis of the effects
of boundary layer ingestion on aircraft flight range is conducted in the next section.
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Figure 5-14: Reduction in trailing edge noise due to boundary layer ingestion.
5.4 Quantification of Aircraft Range Improvement with Bound-
ary Layer Ingestion
Boundary layer ingestion affects both the performance of the airframe and the engine cycle. In
terms of aerodynamic performance, viscous drag is reduced by decreasing the net entropy flux in
the wake. In terms of engine cycle, thrust specific fuel consumption (TSFC) increases, due to the
ingestion of high entropy fluid. The objectives of this section are to determine whether boundary
layer ingestion yields an overall benefit and to quantify the potential benefits in flight range. Cruise
conditions of the baseline BWB aircraft are set to an altitude of 36,000 ft and a Mach number of
0.85 in this study. In this analysis, no weight modification due to boundary layer ingestion are taken
into account.
The range is estimated using the Breguet range equation (see for example Kerrebrock [51]). In
the following study, the ratio of initial weight Wi to final weight Wf is assumed constant. Equation
5.14 shows that for a fixed aircraft weight and flight velocity, the range is inversely proportional to
the thrust specific fuel consumption TSFC and the aerodynamic drag D.
R-Uo L 1 Wi
g D TSFC Wf) (5.14)
By definition, TSFC is the fuel flow burnt rha per unit thrust T, and is inversely proportional to
the overall efficiency rio, as described in Equation 5.15,
TSFC = - UO (5.15)
T a hrf o
where Ahf is the heating value of fuel. The overall efficiency q/o is the ratio of thrust power T.uO
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over the chemical energy f - Ahf, given by
TU7 . T - Uo Wnet770 = = .(.6
rf Ahf Wnet rf - Ahf'
where Wnet is the mechanical power delivered to the engine mass flow. The overall efficiency is by
definition the product of propulsive efficiency rp, and thermal efficiency TIt, defined as
71pr T U (5.17)
Wnet
and
Wnet
7th = . (5.18)74f -Ahf
In this analysis, the range improvement is quantified by taking into account changes in drag and
in overall efficiency due to boundary layer ingestion. First, a model to estimate the drag reduction
is presented. Second, propulsive and thermal efficiency changes are calculated using first principle
models. Then, the cycle analysis of a turbofan engine is used to evaluate the cruise TSFC with
boundary layer ingestion. Finally, the potential range improvements of boundary layer ingestion are
presented.
5.4.1 Modeling Drag Reduction Due to Boundary Layer Ingestion
The drag reduction with boundary layer ingestion is due to a reduction of viscous drag, or skin
friction drag, which usually represents 40 to 50 % of the total drag. This section assumes that
induced drag is unaltered with boundary layer ingestion. In order to model the viscous drag, the
same airframe model is used described in Section 5.3. The model is a delta wing with span b = 85.3
m and center chord xo = 33m, as shown in Figure 5-13. The length of the engines xe is set to a
typical value of 4 m. A spanwise mail slot ingests boundary layer upstream of the slot, reducing the
profile drag. In order to evaluate the drag produced with boundary layer ingestion D, the total drag
of the baseline BWB is estimated and reduced by the skin friction drag associated with the white
region in Figure 5-13. The total drag is the baseline BWB drag without boundary layer ingestion
Dno BLI, which can be evaluated, knowing the weight of the aircraft and -:
Dno BLI = ( L ) 1 mgcos(9), (5.19)
DoBLI
where mg is the weight of the aircraft and cos(9) = 1 at cruise. The total airframe drag becomes
Dno BLI = 160, 000 N for L = 23, which is the cruise - reported in the BWB CCD2 report [6], and
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an aircraft weight of 370,000 kg. Then, the total airframe drag Dno BLI is reduced by the amount
of viscous drag removed by boundary layer ingestion. The total viscous drag is Dwing, calculated
using a 2-D model:
D jing j pu(y, z)(uo - u(y, z))dydz, (5.20)
where Lo is the length of the mail slot and uo the flight velocity. 6, (z) is the boundary layer thickness
on the wing at a spanwise location z, calculated for a turbulent boundary layer on a flat plate (see
Schlichting [75]),
6,(z) = 0.37x UOX , (5.21)
where
x = xo(1 - Z). (5.22)
The power law for the mean velocity profile on a turbulent boundary layer can be modeled using a
'-th-power velocity distribution law, as reported by Schlichting [75],
u(y,z) _( y )7. (5.23)
Equation 5.21 then becomes
5 1(1 _ Lo 95
Dwing 1 - 1 - bpuo60 , (5.24)
where O, is the boundary layer momentum thickness on a flat plate of length xo. Not all of the
viscous drag is removed because of the boundary layer developing downstream of the mail slot and
near the wing tips. This incremental viscous drag Dre, is
Dres = Lo pu(y)(uo - u(y))dy = LopUO62x, (5.25)
where 6x, is the boundary layer thickness on a flat plate of length xe and Ox, the momentum thickness
of the boundary layer developing downstream of the mail slot.
Then, the aerodynamic drag with boundary layer ingestion is calculated with
D = Dno BLI - (Dwing - Dres). (5.26)
80
5.4.2 Influence of Boundary Layer Ingestion on Thermal and Propulsive
Efficiencies
The objective of this section is to estimate of the effects of boundary layer ingestion on the engine
thermal and propulsive efficiencies.
The ingestion of high entropy fluid has an impact on both thermal efficiency and propulsive
efficiency. Their relative importance is studied in this section to understand their effect on TSFC. A
1-D model, illustrated in Figure 5-15, is used to model the ingestion of high entropy fluid. The effect
of boundary layer ingestion on the compressor is modeled by a sequence of two processes: dissipation
due to viscous effects in the boundary layer and isentropic compression (Spakovszky [76]). The effect
on the propulsive efficiency is modeled using an actuator disk.
0 (free stream)
1 2
BL Ingestion Compressor
Figure 5-15: Sketch of boundary layer ingestion near the wing trailing edge.
Influence of Boundary Layer Ingestion on Thermal Efficiency
First, the impact of boundary layer ingestion on an ideal compressor is evaluated. The sequence of
two processes that model the compression process with boundary layer ingestion are shown in Figure
5-16: viscous dissipation and ideal compression. The compressor efficiency of an ideal compressor
with boundary layer ingestion can be defined as
zAhideal71bli = Ahial (5.27)
Ahactual'
where the ideal stagnation enthalpy rise is
Ahideal =Ahact"al - Ah, (5.28)
81
hAh
ideal
Ah
2
actAh
As
S
Figure 5-16: h-s diagram for an ideal compressor with boundary layer ingestion.
and the actual stagnation enthalpy rise is
Ah actual =c,(Tt2 - Ttl).
The "lost work" Ah can be approximated by
Ah Tt2 As,
and the increase in entropy due to dissipation is
As = -RIn - ~
Pt 0
R (Pto-Pt)
Pt 0
(5.31)for <to - Pti
Pt«1
The inlet pressure recovery ri is defined as such that
As ~ R(1 -7ri). (5.32)
Combining Equations 5.27, 5.28, 5.29, 5.30 and 5.32, the efficiency of an ideal compressor with
boundary layer ingestion becomes
b/li =-1-- Tsi( ,
TS -1
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(5.29)
(5.30)
(5.33)
L
where r, is the isentropic cycle temperature ratio and is given by r, = I - E = 7re ~ . H, is the
compressor pressure ratio.
Next, the efficiency of a non-ideal compressor with boundary layer ingestion can be calculated
using the above results:
ad b i ad7 1
c,bli = 71 *77c (5.34)
This adiabatic compressor efficiency with effects of boundary layer ingestion can now be used in a
cycle analysis. From a non-ideal Brayton cycle analysis, the thermal efficiency can be expressed as
ad ad T _
- 1 7) 1c', * b T *77therm -- r,(1 cad( _ T _
+Tna
(5.35)
where T 4 is the turbine inlet temperature and i is the turbine adiabatic efficiency.
With the knowledge of r,, a and 77 and id, one can obtain the ratio of thermal efficiency
with BLI over thermal efficiency without boundary layer ingestion as a function of inlet pressure
recovery 7ri. Figure 5-17 depicts the thermal efficiency of a non-ideal Brayton cycle normalized by
the thermal efficiency when the inlet pressure recovery is 1. Note that for an advanced engine, with
= 5.5 and r, = 3, there is a strong negative impact of pressure recovery on thermal efficiency.Tto
0.91
0.8
0.7
W 0.6
(0.5
0.4
0.3
0
0.2
0.1
0.75 0.8
Inlet Recovery
Figure 5-17: Relative impact of inlet recovery on thermal efficiency.
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Influence of Boundary Layer Ingestion on Propulsive Efficiency
By definition, the propulsive efficiency is
r/pr = , (5.36)
Wnet
where T is the total thrust, uo is the flight velocity and Wnet is the net mechanical power delivered
to the engine. From an observer on the ground, one sees the aircraft moving at a velocity uo and
observes the still air to receive an increase in kinetic energy by an amount of U" 2  . From this
point of view, the mechanical power delivered to the engine mass flow is the sum of propulsive power
T u and residual kinetic jet power given to the air through the engine. Consider the control volume
--------....---- U
-
A -~~~~~--- - -- _ _...- - -- -' -oAAe
Figure 5-18: Outer control volume over the system wing propulsor with boundary layer ingestion.
of Figure 5-18, including the airframe and the engine. The thrust is
T = rh(ue - no) + Ae (Pe - Po). (5.37)
where ue is the exit velocity. And the residual kinetic jet power is
I = -(ue - Uo) 2 . (5.38)
2
The general expression of the propulsive efficiency becomes
T -n
Ipr= T -± (5.39)T -no + rh (_2 U)
In the case where the engine nozzle is ideally expanded such that Pe = Po, the propulsive efficiency
becomes
2p, = uo (5.40)Ue + Uo
Modeling the engine by a simple actuator disk of rotor pressure ratio RPR, and assuming in-
compressible flow, the velocity downstream of the actuator disk ue can be determined using the
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Bernouilli equation:
U2 = V [RPR -7ri -Pto - Po]. (5.41)p
Figure 5-19 illustrates the relative impact of pressure recovery on thermal efficiency as shown in
Figure 5-17 and propulsive efficiency for RPR=1.5, in the case where the nozzle is ideally expanded.
0.9 --1 1 - -a=.2 -ad=0.82 -
U) 1
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Inlet Recovery
Figure 5-19: Relative impact of inlet recovery on thermal and propulsive efficiencies.
The analysis shows that for ideally expanded nozzles, the propulsive efficiency increases and the
thermal efficiency decreases with boundary layer ingestion. This study suggests that boundary layer
ingestion severely deteriorate the overall efficiency. This simple analysis shows that the propulsive
efficiency is improved with boundary layer ingestion. In the case when the nozzle is choked is and
not ideally expanded a full cycle analysis is necessary to determine the propulsive power and the
thrust specific fuel consumption. This is discussed in the next section.
5.4.3 Engine Cycle Analysis for Range Improvement with Boundary Layer
Ingestion
The potential range improvement with boundary layer ingestion combining an engine cycle analysis
with boundary layer ingestion is evaluated, taking into account the viscous drag reduction. In
this section the thrust specific fuel consumption is calculated using a cycle analysis and the drag
reduction is determined using the method described in Section 5.4.1 in order to evaluate the range
improvement. To determinate if an optimal configuration of boundary layer ingestion exists, the
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engine size is varied (design mass flow) depending on the spanwise extent of boundary layer ingestion.
The engine cycle parameters are based on the BWB baseline engines and the wing model is the same
as described in Section 5.3: a delta wing model of span b = 85.3 m, center chord xo = 33 m and
engine length xe=4 m. A flat plate boundary layer model is used to calculate the drag and the
boundary layer mass flow that is ingested by the engine, using a mail slot of length LO. The thrust
specific fuel consumption TSFC with boundary layer ingestion at cruise is calculated using a cycle
analysis. The maximum required thrust is the thrust at take-off. In a first step an engine cycle
analysis is calculated at take-off with boundary layer ingestion, using the cycle analysis developed
by Mannevile [77]. For the cycle parameters at the design point from this analysis, the TSFC at
design is calculated using Gasturb, together with the drag reduction. Then, the range improvement
is analyzed as a function of the mail slot length.
Engine Cycle Analysis with Boundary Layer Ingestion
The engine performance at cruise is required to evaluate the effects of boundary layer ingestion
on flight range. The engine must be sized at take-off, to meet the thrust requirement at take-off.
The size of the engine, or the design mass flow, depends on the percentage of boundary layer flow
ingested. The cycle study therefore depends on the length of the mail slot Lo. The mail slot length
is a parameter that can be varied between 0 and 90 % of the span, since the wing tips are too
thin to embed engines. The engine cycle analysis for a separate flow turbofan engine developed by
Mannevile [77] is used at the design point. The analysis requires the design parameters presented
in Table 5.2 as inputs. These are kept constant in this study, together with the design thrust and
the inlet pressure recovery.
Pressure Recovery with no BLI 0.98
7r an 1.34
BPR 19.5
7rc 60
TM( K) 2000
77ead 0.937
77fad 0.884
77 ad 0.852
0.913
7f ad0.919
Table 5.2: Parameters of the engine cycle calculation.
The required thrust for a BWB size aircraft is equivalent to the 800,000 N thrust rendered
by 3 BWB baseline engines, which is the reference thrust Tdesign for the case without boundary
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layer ingestion. The drag reduction due to boundary layer ingestion inherently reduces the thrust
requirement T. The design thrust T is then modified to meet the drag requirement calculated in
Section 5.4.1:
T = Dtakeof f= Tdesign - Dwing + Dengine. (5.42)
The inlet pressure recovery can be calculated by using a mass average of the stagnation pressure in
the boundary layer and in the mean flow. The total boundary layer mass flow is estimated using
the turbulent boundary layer model discussed in Section 5.4.1 and yields
7 rbl = (1 - (1 - L)95)] 6xO _ bpui, (5.43)
where ui is the velocity at engine inlet. Given the airflow demand rh from the engine cycle analysis,
the mean stagnation pressure of the engine mass flow at the inlet then yields:
P = s ri + P -h , (5.44)
where Pt is the stagnation pressure of the free stream flow. It was assumed that the boundary layer
flow and free stream flow do not mix. The stagnation pressure drop in the boundary layer is due to
a loss in momentum and the boundary layer total pressure can be expressed as
PO- 1 m2
Ptb1 = (I + (2 )M ,t (5.45)
where Po is the free stream static pressure, Mbl is the mass averaged Mach number in the boundary
layer. Mb, is calculated using the 1-th-power velocity distribution law representing the velocity
profile. The inlet pressure recovery with boundary layer ingestion then becomes
=[ (1+ 2Mb= +1. (5.46)
P(t1) 2 mh
The engine cycle analysis by Mannevile [77] requires the pressure recovery 7i and the design thrust
T, in addition to the parameters listed in Table 5.2. For an initial design thrust Tdesign, an inlet
pressure recovery of 0.98 and an initial value of the engine mass flow, the thrust T and inlet pressure
recovery 7ri can be calculated. These values are then used as inputs to the cycle analysis to determine
the mass flow and hence the engine size. The thrust T and the inlet pressure recovery wi are be
recalculated and this process is iterated until the inlet pressure recovery converges as in Figure 5-
20. Figures 5-21, 5-22, 5-23 and 5-24 depict the specific thrust, pressure recovery, mass flow and
jet area as a function of the mail slot length. The following consequences on noise emissions can
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Figure 5-20: Computation procedure to determine the engine mass flow at take-off.
be drawn. Compared to a traditional engine arrangement, the engines designed for boundary layer
ingestion have a lower pressure recovery, a reduced specific thrust, a larger mass flow and a larger jet
area. Jet exhaust velocities are then lower with boundary layer ingestion and will yield a reduction
take-off jet noise. Boundary layer ingestion also has drawbacks in terms of noise emissions: the
pressure recovery at the inlet decreases such that larger mass flows are required yielding increased
fan diameters.
Next, Gasturb is used to calculate the TSFC off-design.
Range Improvement Using Boundary Layer Ingestion
Range improvements with boundary layer ingestion can now be estimated. Drag reductions at cruise
conditions are calculated using the analysis reported in Section 5.4.1 and the TSFC calculations
obtained from Gasturb at cruise conditions. The cruise Mach number and the altitude are set to
0.85 and 36,000 ft respectively. Off-design values of thrust, mass flow and TSFC are calculated as a
function of T 4 and pressure recovery in Gasturb. The results are tabulated and are used to derive
the power setting through Tt4 in order to meet the thrust requirement at cruise. The Mach number
at the engine inlet M1 depends on the inlet geometry. In this study, M1 is a parameter that is varied
between 0.65 and 0.8. The mail slot length Lo is also a parameter that can be varied between 0 and
90 % of the span. The required cruise thrust is equal to the drag calculated using Equation 5.26 and
the inlet pressure recovery is calculated from Equation 5-28. The temperature T 4 is then adjusted
such that the required thrust is met for a given inlet pressure recovery. The engine characteristics, in
particular mass flow and TSFC, are then looked up in the tables generated by Gasturb. This mass
flow is then used to calculate the inlet pressure recovery. Figure 5-25 illustrates the computation
procedure which is iterated until the inlet pressure recovery converges.
Figure 5-26 depicts the range improvement as a function of mail slot inlet length and shows
the effects of the TSFC and drag reduction separately. The results show two competing effects of
boundary layer ingestion: ingesting high entropy fluid increases TSFC but decreases airframe drag
by decreasing the net entropy flux in the aircraft wake. If all the boundary layer fluid is ingested,
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Figure 5-21: Specific thrust at design.
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Figure 5-23: Mass flow at design.
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Figure 5-22: Pressure recovery at design.
the drag is reduced by 20%. TSFC increases have a negative effect on range improvement and can
decrease the range by as much as 20%. Combining the two competing effects, a maximum range
improvement of about 12% can be achieved if the boundary mass flow is 60 % of the total engine
mass flow. Figure 5-27 depicts the range improvement as a function of the boundary layer mass flow
divided by the total engine mass flow. For each mail slot length, the optimal values are summarized
in Table 5.3. For a flight Mach number of 0.85 and a fan inlet Mach number approximately 0.5,
the slot Mach number M1 is about 0.75, for which the maximum range improvement is 5.3%. The
analysis also yields the variation of pressure recovery at the inlet of the engine as a function of
boundary layer mass flow divided by total engine mass flow, which is depicted in Figure 5-28. For
M1 = 0.75 and for the maximum range improvement, the pressure recovery is 0.93.
5.5 Effect of Idle Thrust During Landing on Approach Noise
Jet noise was neglected in the prediction of approach noise in Section 5.1. With engines idling during
approach, jet flow is present. This idle thrust, which depends on the engine design and application,
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is responsible for additional jet noise, and for an increase in drag that has to be generated silently.
Depending on the jet velocity and jet temperature, the noise radiated by the jet can become dominant
on approach. The objective of this study is to assess the importance of jet noise at engine idle
conditions and to determine for which idle jet velocities and jet temperatures jet noise competes
with trailing edge noise on approach. This study is limited to a case study where trailing edge self
noise is responsible for an approach EPNL of 60 dB. A full-scale aircraft approaching at a velocity
of 75 m/s with a glide slope angle of 10 degrees is considered in this section. The jet area is kept
constant at 17.3 m 2 , a jet area that was obtained from the engine design study with boundary layer
ingestion discussed in Section 5.4.3. Since the jet velocity at engine idle depends on the engine design
and application the jet velocities are varied between 75 m/s and 75 m/s + AV, which is varied
between 0 to 100 m/s. Taking into account the effect of flight velocity, the effective jet velocity is
AV. Similarly, jet temperatures are varied between 288 K and 288 K + ATj, which ranges between
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Figure 5-27: Range improvement due to boundary layer ingestion.
M1 0.65 0.7 0.75 0.8
Looptimai 0.74 0.66 0.58 0.41
61.7% 61.7% 60.2% 48.8%
Range Improvement 12.2% 8.4% 5.3% 2.2%
Table 5.3: Optimum values of Lo.
0 and 100 K. ANOPP's Jet Stone Module is used to predict the noise emissions following the same
approach as described in the jet noise analysis at take-off in Chapter 6.
Figures 5-29 and 5-30 show the effect of the effective jet velocity and the jet temperature on
approach noise in EPNL. The jet temperature has a small effect on the results. For an effective
jet velocity of AV = 20 m/s, jet noise and trailing edge noise are both dominant. For effective jet
velocities lower than 20 m/s, jet noise can be neglected, as seen in Figure 5-29. However, for idle jet
velocities higher than 40 m/s, jet noise dominates the total approach noise radiation due to trailing
edge noise. In addition, not only will the effect of idle thrust increase noise on approach, but it will
also increase the silent drag required to maintain the glide slope, as quantified in Figure 5-30. One
limitation is the jet velocity range for which the Stone Jet Noise Module in ANOPP is accurate. It
is possible that the model over predicts jet noise at low jet velocities AV. This implies that trailing
edge noise may still be dominant on approach even if effective jet velocity is higher than 20 m/s.
During take-off, jet velocities are much higher, and jet noise becomes a dominant noise source.
This is discussed in the following chapter in more detail.
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Chapter 6
Parametric Study of Take-Off
Noise
6.1 Parametric Study of Jet Noise During Take-Off
One promising concept of the Silent Aircraft Initiative is a distributed propulsion system with high
by-pass ratio engines embedded in the airframe. A high aspect ratio nozzle can be used to eject the
low velocity flow of the engine at the trailing edge. These concepts together with the use of acoustic
liners that allow shielding of turbomachinery noise can potentially reduce jet noise. The Stone Jet
Noise model developed for circular nozzles and selected in Section 3.2.2 to predict jet noise can be
used for nozzles with aspect ratio up to 8:1.
In this section, jet noise during take-off is predicted using ANOPP's Stone Jet Noise Module. The
objective of this section is to understand the effects of the jet parameters on take-off noise measured
in EPNL and to evaluate the potential take-off noise reduction of a distributed propulsion system
embedded in the airframe with a low velocity jet compared to turbofan engines. A parametric study
of jet noise during take-off is conducted where the jet area, the jet temperature and the aircraft
size are varied. The take-off profile is determined using the BWB baseline thrust and aerodynamic
characteristics as reported in Blended-Wing-Body Configuration Control Document CCD2 [6]. The
following assumptions are made: the nozzle flow expands to ambient conditions and a single jet
exhausts from the propulsion system. Jet noise during take-off is calculated and quantified in EPNL
taking into account propagation and ground reflection as a function of the jet area, jet temperature
and aircraft size.
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6.1.1 Methodology
The take-off profile is simulated using ANOPP flight dynamics module denoted as the Jet Takeoff
Module. Jet noise is predicted for a single jet using the Stone Jet Noise Module.
Take-Off Profile
The aircraft propulsive and aerodynamic characteristics are necessary to determine the take-off
profile. The basic take-off profile consists of a ground roll and a climb, as shown in Figure 6-1.
ANOPP's Jet Takeoff Module solves the system of differential equations (equations of motion and
change of coordinate system). The following assumptions are made: wind and aerodynamic ground
effects are neglected, the aircraft weight is kept constant and the runway is assumed horizontal.
Climb
Ground Roll
Rotation Liftoff
Figure 6-1: Basic take off profile used to model the take-off path.
Inputs to the Jet Takeoff Module are the aircraft performance parameters such as rotation and
climb velocities, desired fly-path angle during climb, engine trust as a function of engine power
setting and flight Mach number, aerodynamic lift and drag coefficients, and aircraft configuration
parameters such as wing area, aircraft weight, number of engines. For more details see the Jet
Takeoff Module description in ANOPP Theoretical Manual [2]. The parameters used in this study
are the ones reported in the Blended-Wing-Body Configuration Control Document CCD2 [6]. The
values of the thrust T, the aircraft weight m, the trapezoidal wing area Atrap, the lift coefficient
C, = Cl, - a + C10, the drag coefficient Cd, the rotation and climb velocities Vrot and Vclimb are
summarized in Table 6.1.
Jet Characteristics
The Stone Jet Noise Module [2] requires tables of mass flow, jet stagnation pressure and stagnation
temperature as a function of flight Mach number and power setting as inputs. Keeping the thrust
constant for a given flight velocity, these values are deduced from the two independent parameters,
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T 931,000 N at M = 0
m 373,000 kg
Atrap 728 m 2
C1a 0.125
Co 0.125
Cd Cruise polar
Vrot 80 m/s
Vimb 1.2 X Vrot
Table 6.1: Parameters used for the jet noise study during take-off. Data from [6].
jet area A, and jet temperature Tj. To characterize the size of the aircraft, the coefficient k = yA0
which is proportional to the baseline wing area Ao is again used. The following range of parameters
is investigated: the jet area A, was varied between 10 and 90 m2 , the jet temperature was varied
between 300 and 600 K, and jet size factor k is varied between 0.5 and 1.
Next, the methodology is presented that is used to calculate the engine mass flow rh, the jet
total pressure Ptj and the jet total temperature Tj. Assuming a perfect gas and that the nozzle
flow expands ideally, the jet static pressure at exit is
Pj = pj RTj = Po. (6.1)
The engine mass flow and thrust are defined as
n = p3 U, Aj, (6.2)
T = T(U? - Uo) = pjUjAj(U - Uo), (6.3)
respectively. Combining 6.1 and 6.3, a quadratic equation in Uj is obtained
PoA.()PoA U-T
RT A - (Uj)2 _ RT AUo - U - T = 0, (6.4)
where the thrust T = T(Mo, k) depends only on the flight Mach number and the aircraft size. For
the full-scale aircraft at M = 0, the thrust T = To = 931,000 N corresponds to the BWB baseline
thrust. The positive root of this equation yields
U02 UR±T,
Uo + +Uo 2(+.4
Ui = 2 . (6.5)
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Using isentropic relations, the jet stagnation pressure and stagnation temperature are
Pt = Pi (1 + 2 Mi)1 and Tty = Ti (1 + 2 M), (6.6)
where
My = and a = VyRTj. (6.7)
ag
In order to modify the jet characteristics and to take into account the size of the aircraft, the
size factor k is introduced. Equations 6.2 and 6.5 are modified according to the change in jet area
A3 and total thrust T, which are evaluated in the following manner. A constant average density p
is assumed for the aircraft. The total weight is proportional to k since
m = pV = pVo -k, (6.8)
where V is the volume of the baseline BWB. As reported in Boiffier [78], the maximum required
thrust is set so that the aircraft can take-off with the minimal glide slope angle with one of its n
engines turned off. In case of an unexpected engine shutdown, the thrust must satisfy
n-1iT 1
n- = - + Omin, (6.9)
n mg f
where f is L. The thrust essentially only depends on the flight Mach number such that
T(M = 0) n 1 +Oi T(M = 0) (6.10)
mg n-1f T
where the dependence on the Mach number can be expressed as
T(M =O) 1-M+M2. (6.11)
T
To render the required lift at take-off, for a fixed I and a climb angle 0, the thrust is thereforeD
proportional to the weight and yields
T = To - k2. (6.12)
The specific thrust T is independent of the size of the engine. Therefore, for a fixed flight velocity
Uo, the engine mass flow is proportional to k and so is the jet area
A3 = A03j k . (6.13)
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Using these inputs, the parametric study is carried out and the results are presented in the next
section.
6.1.2 Results
The EPNL of jet noise during take-off is compared to ANOPP's prediction of propulsive take-off
noise for the baseline BWB. For the BWB engines (modeling fan and jet noise), an on-going work
at GTL [77] suggests a propulsive take-off noise level of 106 dB EPNL. This EPNL level is used in
this section as a reference to obtain relative noise reductions for the jet modeled in Section 6.1.1.
First, the evolution of the EPNL with the parameters is described to deduce a simple scaling
law. The effect of jet velocity, jet temperature and the size of the jet on noise emissions are modeled
in SPL. It is the take-off EPNL that characterizes the noise level of an aircraft during take-off such
that the first part of this analysis consists of studying the evolution of the EPNL with the jet area,
the jet velocity, the jet temperature and the aircraft size to deduce a simple scaling law. Then, the
potential noise reduction of a distributed propulsion system with relatively high aspect ratio nozzles
embedded in the airframe is evaluated. The engine nozzle area is determined using a cycle analysis
reported in Section 5.4.
Figures 6-2 and 6-3 depict the effects of jet exhaust area AO3 and the jet exhaust velocity Uj at
Uo = 0 on jet noise during take-off. The abscissa axis is logarithmic. As expected, the jet exhaust
area has a large impact on noise. This impact is mainly due to the assumption of a constant thrust
level. Equation 6.5 shows that if Aj increases Uj decreases, thus reducing jet noise. The logarithmic
behavior of take-off EPNL with respect to the jet exhaust velocity is marked by the line labeled
80log(Uj) + const in Figure 6-3.
The effect of the jet exhaust temperature on the jet noise EPNL during take-off is depicted in
Figure 6-4, in a logarithmic scale. The dependence suggests to be logarithmic as indicated by the
line labeled 50 log(Tj) + const. However, Equation 6.5 shows that for a constant jet area, the jet
velocity increases as /17, which explains the strong apparent effect of the jet temperature on jet
noise. If the jet velocity is fixed, the effect of the jet temperature on jet noise appears smaller, as
shown in Figure 6-5.
Figure 6-6 depicts the effect of the aircraft size on jet noise at take-off. The abscissa axis is
logarithmic. A logarithmic law fits this data, as shown by the line 10 log(k) + constante. This effect
is small compared to the effects of the jet velocity and temperature.
A simple expression of take-off jet noise is useful to understand the effect of the different inde-
pendent parameters and to simply predict the take-off EPNL. The jet area A0 3 , the jet temperature
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Tj and the size factor k are used to fit a multiplicative law of the form:
EPNL = A - AooTjI3kY. (6.14)
The exponent a, # and -y are determined using independent data fits. For 10 m2 < AOj <90 M 2 ,
400 K < Tj < 600 K and 0.5 < k < 1, the constant A and the exponents in Equation 6.14 become
A = 21.7, a = -0.233, 3 = 0.332 and -y = 0.077. This simple description of jet noise during take-off
yields a mean deviation of 1.1 dB compared to the data set. If the independent parameters U, Ti
and k are used, a logarithmic law best fits the data. Using an equation of the form
EPNL = B + 10 log(U7) + 10 log(T 3 ) + 10 log(k-'), (6.15)
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Figure 6-6: Take-off EPNL as a function of size factor k, for different jet temperatures T and jet areas Aoj.
the constant B and the exponents become B = -157, a = 7.79, 3 = 1.4 and 7 = 1.19. These are
valid for 108 m/s < U < 400 m/s, 400 K < Tj < 600 K and 0.5 < k < 1. This data fit yields a
mean deviation of 0.43 compared to the full data set.
The noise level obtained by an on-going study at the Gas Turbine Laboratory [77] for the BWB
baseline is used as a reference EPNL. Comparing this value of 106 dB EPNL to the results of this
section potential noise reductions can be evaluated. The boundary layer ingestion study in Section
5.4 used an engine cycle analysis, where the turbofan jet area ranged between 16.5 m2 and 17.4 m2 .
An area of 17 m2 is assumed for the mixer nozzle and the potential noise reduction is computed
assuming that jet noise is the dominant noise source during take-off. For a jet area of 17 m 2 and a
jet temperature of 400 K, this study suggests a noise reduction of 23.6 dB. An optimistic take-off
noise reduction of 30 dB is predicted if the jet area is increased to 25 m2
In summary, the main conclusions of this parametric study are:
" Take-off jet noise is strongly affected by the jet exhaust velocity. The model suggests that
the take-off noise quantified in EPNL varies as 10 log(UT- 8). This study also suggests that for
a fixed jet velocity, the effects of exhaust temperature and aircraft size add 3 dB when their
values are doubled, for a fixed jet velocity.
" A reduction of 23.6 dB EPNL in jet noise during take-off is suggested for a jet exhaust area
of 17 m 2 and a jet temperature of 400 K. Increasing the area of the fully expanded jet to 25
m 2 and keeping the same thrust, the study suggests a potential noise reduction of 30 dB.
In this take-off noise study, only jet noise was considered. For low jet velocities, jet noise during
take-off can be dramatically reduced. It is necessary to investigate whether airframe noise becomes
dominant for such low noise levels. In the next section, the jet velocity and the jet area are determined
for which trailing edge noise becomes dominant during take-off.
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6.2 Competing Effects of Jet Noise and Trailing Edge Noise
During Take-Off
With extremely low propulsive noise emissions, airframe noise can become dominant at take-off.
With a seamless wing, the use of winglets, and a landing gear retracted immediately after take-
off, it is assumed that the dominant airframe noise source becomes the trailing edge. This section
investigates the effect of trailing edge noise on take-off. In particular, the jet area and jet velocity
for which jet noise competes with trailing edge noise during take-off are determined. For this study,
a constant jet exhaust temperature T = 400 k and a constant thrust are assumed such that the jet
velocity and the jet area are related by Equation 6.5.
A parametric study is conducted where trailing edge noise and jet noise are combined for different
jet exhaust areas. The methodology used to predict trailing edge noise is given in Section 5.1.1 and
is used together with a take-off profile predicted by ANOPP's Jet Takeoff Module. The methodology
to predict jet noise is presented in Section 6.1.1.
The resulting take-off noise level is shown in EPNL in Figures 6-7 and 6-8 for a full-scale aircraft.
Trailing edge noise during take-off seems to have a significant effect when the jet exhaust area is
higher than 50 m2 . In terms of jet velocities, trailing edge noise appears more important than jet
noise when the static jet exhaust velocity is lower than 145 m/s, as shown in Figure 6-8. At take-off,
trailing edge noise alone radiates an EPNL of 63 dB. Therefore, for jet exhaust areas of 25 m 2 , for
which an optimistic take-off noise level of 76 dB was predicted in Section 6.1.2, trailing edge noise
has a negligible effect on the total noise emission, adding only 0.2 dB.
This study suggests that the effect of trailing edge noise at take-off is small compared to jet noise
for reasonable jet exhaust areas (lower than 50 m 2 ), and that it can be neglected.
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Chapter 7
Preliminary Design of a Concept
Vehicle
The potential benefits of the following aircraft concepts were analyzed in Chapters 4, 5 and 6
using simple modeling and prediction tools : the elimination of lift discontinuities on the wing,
boundary layer ingestion and embodiment of propulsion system. This chapter presents an overview
of the potential noise reduction and range improvement associated with a non-conventional aircraft
design. A selected set of input parameters to the noise prediction framework shown in Figure 3-1
are presented. This chapter also attempts to delineate the characteristics of an aircraft designed
using noise as a primary design variable. More specifically, the blended-wing body type airframe and
the integration of multiple small engines in the airframe are described. The silent aircraft concepts
and the results of the previous chapters are used to sketch a concept vehicle. To make this aircraft
functional, technological barriers and regulatory issues need to be overcome.
First, this chapter outlines a selection of design points in the design space based on the results
of Chapters 4, 5 and 6. Next, the discussed quiet aircraft concepts are integrated and combined in a
preliminary sketch of the conceptual aircraft. Finally, technological barriers and potential problems
of this design are delineated and discussed.
7.1 Overview of Potential Noise Reduction and Range Im-
provement
Design characteristics and potential benefits of the functionally-silent aircraft are presented in this
section. Figure 3-1 shows the input parameters as well as the design characteristics. The input
parameters are defined in Table 7.1 and a description of each parameter is given in Section 3.2.
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Table 7.2 also summarizes the engine cycle parameters used in the boundary layer ingestion study.
Due to time constraints, the interaction between some of the modules was not implemented in
this thesis. For instance, it is assumed here that approach noise only depends on the approach
profile (the glide slope angle 9 and the approach velocity Uo) and the aircraft size, and that trailing
edge noise is the dominant noise source. The methodology to derive the design characteristics of
the airframe-propulsion system is first reviewed. Then, a selection of resulting characteristics is
presented.
9 : 3 to 12 deg Fo = 800,000 N
U0 : 65 to 100 m/s BPR = 19.5
k : 0.5 to 1 =ri 0.98
Ao- = 17 m 2  r= 1.34
T =400 K ,rc 60
0 to 90% of span Tt4 = 2000 KDo = 160, 000 N
xe = 4 m
Table 7.1: Airframe propulsion system design Table 7.2: Engine cycle parameters used in
parameters. the boundary layer ingestion study,from [77].
Methodology for Approach Noise Evaluation
A parametric study of trailing edge noise was conducted in Section 5.1. It is conjectured from this
study that trailing edge noise during approach yields the minimum possible noise level. The wing
model is based on the BWB as reported in [6]. Noise during approach was predicted using the
trailing edge self noise model and ANOPP's propagation and noise reduction modules. A steady
approach profile was used. The effect of approach velocity U0 , approach glide slope 9 and aircraft
size k were studied, where the parameter k is proportional to the wing area. This prediction lead
to optimistic evaluations of potential approach noise reduction since only the wing trailing edge self
noise was taken into account. The resulting noise benefits are shown in Table 7.3. On a traditional
approach path, the study suggests that a maximum potential noise reduction in EPNL is 27.2 dB.
With steeper approach glide slopes such as 10 degrees, it would be possible to achieve an additional
reduction of 8.5 dB. The size of the aircraft seems to have little effect on the noise radiations, and
is on the order of 1 dB.
Methodology for Silent Drag Requirements
Section 5.2 evaluates the silent drag requirements to maintain the glide slope of an aircraft in clean
configuration on its approach profile. The silent drag requirement is the difference between the drag
necessary to maintain the aircraft on its glide slope and the aerodynamically produced drag, which
was obtained from drag polars reported in the CCD2 report [6]. Table 7.3 shows the silent drag
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requirements in a non-dimensional form. With steep glide slopes, this coefficient can be as high as
0.15. Compared to current clean airframe drag coefficients (which are on the order of 0.02) or to
the standard high-drag devices drag coefficients (which are on the order of 0.08), such a quiet drag
coefficient is high and will be difficult to be achieved.
Methodology for Boundary Layer Ingestion - Hidden Trailing Edge
The boundary layer ingestion study was conducted in Sections 5.3 and 5.4. In order to evaluate
the trailing edge noise reduction due to the ingestion of the turbulent boundary layer fluid before
it is scattered at the trailing edge, a delta wing model was used and a 2-D analysis of trailing
edge self noise was conducted. The trailing edge noise reduction in EPNL was on the order of 3
dB in addition to the 27.2 dB potentially achieved with seamless lifting surface at the approach
measurement point. A cycle analysis coupled with the boundary layer ingestion study was carried
out to evaluate the range improvement compared to a configuration with no boundary layer ingestion.
The spanwise extent of the mail slot ingesting boundary layer flow for which the range improvement
is maximum was determined. The resulting potential range improvements are reported in Table 7.3.
A slot inlet Mach number of 0.75 was assumed for the analysis. The area of the engine nozzle was
determined using a cycle analysis. The study suggests reasonable results: the range improvement
is 5.4 %. Boundary layer ingestion seems to allow trailing edge noise reductions as well as range
improvements. In summary, this concept seems to be promising for the functionally-silent aircraft.
Methodology for Take-off Noise Evaluation
A parametric study of jet noise during take-off was conducted in Section 6.1 to assess the potential
noise reduction benefits of a distributed propulsion system with one single jet exhausting at the wing
trailing edge. With embedded engines and the use of acoustic liners to attenuate fan and turboma-
chinery noise, it was conjectured that jet noise becomes the dominant propulsive noise source. The
largest possible noise reduction in jet noise during take-off represents the lowest achievable noise
level during take-off. Jet noise was predicted using the Stone Jet Noise Module in ANOPP and
the take-off profile was calculated using ANOPP's flight dynamic module for take-off. The effect of
jet area, jet temperature and aircraft size were also studied. The fully-expanded jet exhaust area
seems to have the largest impact on take-off jet noise. This is due to its dependence on the jet
velocity. This prediction during take-off is valid for nozzles with an aspect ratio up to 8:1. Table
7.3 summarizes the potential noise reductions during take-off for a constant thrust level and a jet
area obtained with the cycle analysis discussed in Section 5.4. The jet temperature was assumed
to be 400 K. If the nozzle aspect ratio is higher than 8:1, as it is for the concept vehicle discussed
next, a noise penalty needs be added to the prediction. Dividing the ultra-high aspect ratio nozzle
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into a number of 8:1 aspect ratio nozzles, the noise of additional nozzles is added to the jet noise
prediction. The EPNL increase due to the multiple nozzles for the full-scale and half scale aircraft
is shown in Table 7.4. The prediction method needs to be modified by including jet noise prediction
for ultra-high aspect ratio nozzles. This is currently under investigation using experimental data
reported by Munro and Ahuja [59] and [60]).
Approach profile 9 = 3 deg = 10 deg O = 3 deg = 10 deg
Uo = 80 m/s Uo= 75 m/s Uo = 80 m/s Uo 75 m/s
Aircraft size k = 1 k = 1 k = 0.5 k = 0.5
Potential approach EPNL reduction 27.2 dB 35.7 dB 27.7 dB 36.5 dB
Coefficient of silent drag required 0.006 0.15 0.008 0.11
Additional EPNL reduction with BLI 2 dB 3 dB 2 dB 2.5 dB
Potential take-off EPNL reduction 26 dB 26 dB 29 dB 29 dB
Fdesign 791,100 N 791,100 N
mhde sign 1790 kg/s 1790 kg/s ______________
TSFC 1.87 1.87
Range improvement 5.4 % 5.4 %
Percentage of boundary layer flow 60.2% 60.2%
Engine nozzle area 17.1 m' 17.1 m2
Table 7.3: Design characteristics of a full-scale and half scale aircraft.
Number of jets 2 3 4 5 6
EPNL increase for k=1 (dB) 1.4 2.2 2.8 3.2 3.5
EPNL increase for k=0.5 (dB) 1.4 2.1 2.7 3 3.3
Table 7.4: EPNL corrections during take-off for high aspect ratio nozzles.
Design characteristics
The design characteristics presented in Table 7.3 give an overview of the results and potential
achievements for different configurations, such as different approach profiles and aircraft sizes. For
the full-scale aircraft, the study suggests a maximum potential noise reduction on approach EPNL
of 27 dB for a standard approach profile and more than 35 dB with a steep glide slope of 10 degrees.
The potential take-off EPNL reduction is predicted to be 26 dB. However, a penalty of 1.4 dB to 3.5
dB should be imputed to the EPNL if several 8:1 aspect ratio nozzles are used instead of a single
high aspect ratio nozzle. It will be very challenging to achieve the airframe noise reduction of 27 dB
which suggests that additional quiet concepts need to be used. For instance, a hidden trailing edge
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suggests a reduction of the approach noise by 2 to 3 EPNLdB. Higher jet areas can also be useful
to further reduce the jet noise during take-off. The boundary layer ingestion study also suggests a
range improvement of about 5.4 %.
The potential noise reduction and range improvement given in Table 7.3 are associated with
concepts that lead to an unconventional aircraft design. The next section attempts to delineate the
preliminary design of a functionally-silent aircraft and to present a sketch a first concept vehicle.
7.2 Preliminary Design
The major goal of the functionally-silent aircraft is to achieve a step change in noise reduction.
Quiet lift concepts and silent thrust concepts were studied to evaluate their potential noise reduction
benefits compared to conventional aircraft configurations. The airframe of the Blended-Wing-Body
(Configuration Control Document CCD2 report [6]) is used as a baseline. The concept of a blended-
wing body aircraft is indeed promising such that airframe noise originated from cavities and lift
discontinuities is reduced and trailing edge noise emanating from the tail is eliminated. The wing of
the silent aircraft has a seamless trailing edge. Winglets are placed at the wing tips, to reduce wing
side edge noise as suggested by Slooff et al. [1].
The full-scale aircraft is considered to determine how multiple small engines could be integrated
at the trailing edge. The propulsion system is embedded and integrated at the wing trailing edge
such that boundary layer flow is ingested over 60 % of the span. Multiple small engines are assumed
in this analysis. The thickness of the wing near the trailing edge limits the size of the engines that
can be embedded. For example, at a location 4 m upstream of the trailing edge, the wing thickness
is about 1.5 m at a 36 % spanwise location, limiting the size and the type of existing state-of-the-art
engines that can be integrated. Advanced cycles for ultra-high by-pass ratio turbofan engines are
still to be determined. At this stage, existing engine technology is considered to guide a preliminary
design. A turbofan engine type with maximum envelope diameter of about 1.5 m is chosen, to fit
in the airframe. This type of engines has a maximum envelope length of about 3 m and renders
a maximum power at sea level of 20,000 lb (89,000 N). Nine engines are then required to meet
the thrust requirement at take-off. Distributed over 36 % of the span, i.e. 30.5 m, the engines are
separated by approximately 2 m. Such a configuration is sketched in Figure 7-1. A top view of the
aircraft shows the engine distribution downstream of the mail slot, and two cross sections, one at
the centerchord and one at 36 % of the span, show the embodiment of the engines. The aspect ratio
of the exhaust nozzle of an area of 17 m is approximately 50:1. This is much higher than 8:1, for
which the jet noise prediction was considered valid, as discussed in Section 3.2.2. At this stage of the
project, a conservative estimate of jet noise using high aspect ratio nozzles is given by dividing the
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50:1 aspect ratio nozzle into 6 8:1 aspect ratios nozzles. This procedure adds 3.5 dB to the EPNL
prediction of jet noise at take-off.
7.3 Technological Barriers
The following technological barriers associated with a functionally-silent aircraft need to be further
addressed. A more detailed study of quiet lift should be conducted. Quiet ways to produce drag
need to be found. High by-pass ratio turbofan engines should be designed to fit in the airframe.
This engine should be robust to inlet pressure ratio. Silent control and stability actuators need to
be developed.
Aerodynamics
The lift and drag coefficients reported in the Blended-Wing-Body Configuration Control Document
CCD2 [6] were used in this thesis and were kept constant in the analysis. The lift reduction due to
engine integration and boundary layer ingestion was not taken into account. Additional silent lift
may be necessary and would require the development of another concept: the generation of thrust
vectoring. Similarly to some military aircraft, such as the F-15, the engine exhaust flow could be
vectored to increase the lift.
Section 5.2 quantifies the silent drag requirements to maintain an aircraft on its glide slope.
The silent drag requirements may have been underestimated, since the drag coefficient used in this
analysis were for a flight Mach number of 0.5, the only number available in CCD2 report [6]. Even
if underestimated, the coefficient of the required silent drag is positive, meaning that additional
drag needs to be generated quietly. For a full-scale aircraft and an approach profile with 10 degree
glide slope, the coefficient of the required silent drag is 0.15. A challenge consists in developing the
technology to produce such drag silently. Silent drag is indeed critical to the functionality of the
silent aircraft.
Propulsion System
High by-pass ratio turbofan engines need to be integrated in the airframe. Multiple small engines or
multiple fans driven by a single core must fit in the airframe near the trailing edge. With the current
configuration, the propulsion system ingests free stream flow and boundary layer flow not equally
divided along the span. Therefore, if multiple small engines are embedded in the airframe at the
trailing edge, the engines would operate with different inlet pressure recoveries and inlet distortion
levels. For example, the pressure recovery at the center wing, where almost only boundary layer
flow is ingested, is 0.89. The pressure recovery at the outer spanwise location where the boundary
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layer is thinner, is 0.98.
The jet noise study during approach in Section 5.5 showed that jet noise can become a dominant
noise source during approach if the jet velocities are higher than 20 m/s above the flight velocity.
This idle thrust will have to be balanced by silent drag. The idle thrust should therefore be as small
as possible, to reduce the produced thrust together with jet noise during approach.
Aircraft Stability and Control
Similarly to the Blended-Wing-Body aircraft, stability and control will be challenging issues in the
development of the silent aircraft. All-wing configurations are indeed difficult to stabilize without
noisy tails that increase drag. The horizontal tail is traditionally used for pitch stability. Stable
operation of the silent aircraft needs to be achieved by other means without increasing airframe
noise. For example, advanced flight control systems may provide the required stability at various
operating conditions.
Roll and yaw control could be achieved with elevons placed at 40 % of span where no boundary
layer is ingested. In order to reduce airframe noise, the traditional horizontal stabilizer and elevon
at the rear of the aircraft was eliminated. Instead, silent control surfaces need to be used to control
pitch. For example, thrust vectoring or flow control could be used to create thrust vector forces on
small wing surfaces to provide useful moments for aircraft control.
All the above issues need to be further addressed. The next chapter summarizes the main results
and discusses the main conclusions of this thesis. Recommendations for future work and an outlook
are also given.
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Chapter 8
Conclusions and Future Work
8.1 Summary and Conclusions
The overall objective of this project is to assess a functionally-silent aircraft concepts in response to
the increasing demand in noise reduction. To achieve a step-change in noise reduction, new concepts
have been proposed that can potentially reduce aircraft noise. This thesis focuses on the assessment
of the potential noise reductions that could be achieved using quiet lift and silent thrust concepts. It
was assumed that the dominant noise sources on a blended-wing body type aircraft with a seamless
trailing edge and embedded propulsion system are trailing edge self noise and jet noise. Trailing
edge self noise and jet noise are dominant on approach and during take-off respectively. Parametric
studies of trailing edge self noise and jet noise were conducted combining existing noise prediction
methods and simple modeling. The results of these studies can be summarized as follows:
* A 20 dB noise reduction on approach seems possible by eliminating high drag devices and lift
discontinuities.
* 27 EPNLdB is the maximum potential noise reduction achievable for the silent aircraft on a
standard approach profile.
* A hidden trailing edge can further reduce trailing edge noise on approach by 3 dB and can
also potentially mitigate noise during take-off.
* At take-off, a maximum potential noise reduction of 26 dB EPNL is suggested using a single
jet exhausting from a nozzle of area 17 m 2 . Further jet noise reductions can be achieved
by reducing the jet velocity or equivalently by increasing the jet exhaust area to 25 m 2 . A
maximum potential noise reduction of 30 dB EPNL is predicted for a fully expanded jet area.
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* Boundary layer ingestion suggests to improve the range of the aircraft by 5.3% if 60 % of the
engine mass flow is boundary layer flow ingested over a spanwise length of 60 % span.
A preliminary sketch of a concept vehicle is delineated using the results of this analysis. Nine engines
of 20,000 lb thrust each are integrated in the airframe of a blended-wing body type aircraft and
are placed near the trailing edge of the aircraft over 36 % of the span. This study suggests 30 dB
and 22.5 dB noise reduction in approach EPNL and take-off EPNL respectively using this concept
vehicle.
8.2 Recommendations for Future Work
The following are recommendation for future work and need to be addressed:
" The creation of silent drag appears vital to the silent aircraft. Silent drag concepts, such as
engine airbrakes or silent spoilers need be studied to determine how much drag can be produced
silently.
" The installation of ultra-high by-pass ratio turbofan engines embedded in the airframe is a
considerable technological challenge. Multiple small engines or multiple fans driven by a single
core need to be examined.
" The effect of inlet distortion on engine performance and dynamic behavior need to be further
assessed and investigated in order to enable boundary layer ingestion.
* Jet noise radiated from ultra-high aspect ratio nozzles needs to be examined in more depth
and a simple prediction method must be developed.
" Actuators to stabilize and to control the aircraft must be developed to replace the control
surfaces at the trailing edge of the wing.
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